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1. Introduction
The genetic analysis of chloroplast function of the
green unicellular alga Chlamydomonas reinhardtii
started over 40 years ago when Sager discovered
that, during crosses, certain traits were transmitted
uniparentally from the mating-type (+), but not from
the mating-type (3) parent to the progeny [1]. She
also found that in rare cases the ‘uniparental’ traits
of both parents could be inherited and that they
could recombine with each other, a property which
was used for constructing a genetic map of these
markers [2]. Later, they were shown to be encoded
by the chloroplast genome [3,4]. Levine was the ¢rst
to recognize the potential of C. reinhardtii for a ge-
netic dissection of photosynthesis [5]. Together with
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his coworkers he isolated numerous mutants de¢cient
in photosynthetic activity and found that most mu-
tations were located within the nuclear genome [6].
Some of these mutants are still being studied today.
This analysis provided genetic support for the linear
Z-scheme of photosynthesis and led to the identi¢ca-
tion of new components of the photosynthetic elec-
tron transfer chain, such as the Rieske protein of the
cytochrome b6f complex [7].
In recent years, the powerful techniques of molec-
ular genetics and the establishment of methods for
nuclear [8^10] and chloroplast transformation [11] in
C. reinhardtii have greatly increased the potential of
this system for analyzing bioenergetic processes.
Studies with C. reinhardtii have led to signi¢cant ad-
vances in our understanding of the assembly of pho-
tosynthetic complexes and of the structure^function
relationship of their components. Here we review the
progress achieved in these areas during recent years.
Several earlier reviews have appeared on some of
these topics [12^15].
2. Basic features of Chlamydomonas
2.1. Growth properties
An important feature of C. reinhardtii is that pho-
tosynthetic function is dispensable provided a carbon
source such as acetate is added to the growth me-
dium. The cells can therefore be grown under three
di¡erent regimes: on acetate medium with light
(mixotrophic growth), on acetate medium without
light (heterotrophic growth) and with CO2 as unique
carbon source in the light (phototrophic growth).
These growth properties allow one to screen for ace-
tate-requiring mutants, many of which are a¡ected in
photosynthetic activity.
2.2. Isolation of photosynthetic mutants and genetic
analysis
C. reinhardtii is a heterothallic alga. Cells of both
mating-types (+) and (3) can be grown vegetatively.
When vegetative cells are starved for nitrogen, they
di¡erentiate into gametes. Gametes of opposite mat-
ing-type fuse to form zygotes which undergo meiosis
and ultimately produce a tetrad of four haploid
progeny cells. It is also possible to produce stable
vegetative diploids which are useful for establishing
whether a mutation is dominant or recessive (for de-
tails see [16]).
As land plants, C. reinhardtii contains three dis-
tinct genetic systems located in the nucleus, chloro-
plast and mitochondria. Mutations in each of these
genomes can be distinguished because they are trans-
mitted in di¡erent ways to the o¡spring. Nuclear
genes follow a typical Mendelian 2:2 segregation
whereas chloroplast or mitochondrial mutations are
predominantly inherited from the mating-type (+) or
(3) parent, respectively (see [16]). Biparental zygotes
are produced occasionally in which the chloroplast
genomes of both parents are transmitted to the prog-
eny. In this case, recombination between chloroplast
markers is observed and has been used to construct a
chloroplast genetic map (see [16]). Numerous nuclear
and chloroplast photosynthetic mutants have been
isolated, using as screens acetate requirement for
growth or £uorescence analysis. This non-invasive
method is based on the observation that mutants
de¢cient in photosynthetic activity display altered
£uorescence properties [17]. Thus, both high and
low £uorescence mutants have been isolated. It is
also possible to measure £uorescence transients on
live cells which allows one to distinguish between
PSII, PSI and cytochrome b6f-de¢cient mutants.
The recently developed £uorescence video imaging
systems [18] have been particularly helpful for large
scale screens of photosynthetic mutants [19].
2.3. Chloroplast biolistic transformation of
C. reinhardtii
The pioneering work of Boynton et al. in 1988
[11], which established a method for chloroplast
transformation, opened the door for extensive chlo-
roplast gene manipulation. In this technique, tung-
sten particles are coated with DNA and bombarded
onto cells with a particle gun. Once introduced into
the chloroplast compartment, the transforming DNA
is integrated into the chloroplast genome through
homologous recombination. In principle, any chlor-
oplast gene coding for an essential photosynthetic
function can be used as selectable transformation
marker, provided the host strain is de¢cient in the
corresponding gene. Only few non-photosynthetic se-
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lectable markers are available for plastid transforma-
tion in C. reinhardtii. They include alleles of the
chloroplast ribosomal RNA genes conferring resist-
ance to various antibiotics speci¢c for 70S-type ribo-
somes [20]. However, the most useful selectable
marker is the bacterial gene aadA, which encodes
aminoglycoside adenyltransferase and confers resist-
ance to spectinomycin and streptomycin when in-
serted into the chloroplast genome and fused to suit-
able chloroplast expression signals, such as a
promoter and 5P untranslated region [21]. The aadA
gene has been used both as a selectable marker for
gene disruption and for site-directed mutagenesis of
several chloroplast genes (see [22]), and as reporter
gene [23^25]. The glucuronidase gene has also been
used successfully as a reporter gene [26].
Since the chloroplast genome is polyploid and is
present in ca. 80 copies per cell, several subcloning
steps are usually required after transformation until
all copies contain the transforming DNA. This state
is referred to as ‘homoplasmic’. While homoplasmic
disruptions of genes involved in photosynthesis can
be achieved readily, this is not possible for plastid
genes that are essential for cell survival. These essen-
tial genes include all those of the chloroplast gene
expression system and some additional open reading
frames whose function is not yet known.
Chloroplast DNA manipulations often involve at
least two or more consecutive transformation events
which could be performed readily if several inde-
pendent selectable markers were available. However,
attempts to develop other markers besides aadA have
failed. As an alternative, two methods have been
established for reusing the aadA marker [27]. In the
¢rst, the aadA expression cassette is £anked by two
small repeats and introduced at a speci¢c site into the
chloroplast genome by transformation. Once the mu-
tation is homoplasmic, the transformants are trans-
ferred to growth media lacking antibiotic. Under
these conditions, recombination between the repeats
leads to excision of the aadA casssette which can
now be used for a second round of transformation.
In the second strategy, cotransformation with a mu-
tated chloroplast DNA fragment and a plasmid con-
taining an essential chloroplast gene disrupted with
the aadA cassette is performed. Once homoplasmicity
of the mutation has occurred, the transformants are
transferred to drug-free medium. Under these condi-
tions, the aadA cassette is rapidly lost at the expense
of the wild-type gene which is essential for cell sur-
vival.
2.4. Nuclear transformation
Nuclear transformation can be achieved readily in
C. reinhardtii using as host nuclear mutants de¢cient
in argininosuccinate lyase, nitrate reductase or PSII
activity and the corresponding wild-type genes as
transforming DNA [8^10]. The CRY1 gene encoding
ribosomal protein S14 isolated from a mutant strain
of C. reinhardtii resistant to the eukaryotic transla-
tional inhibitors cryptopleurine and emetine can also
be used as a dominant selectable marker in any C.
reinhardtii strain [28]. Recently, a chimeric gene con-
sisting of the coding sequence of the ble gene, con-
ferring phleomycin-resistance, from Streptoallotei-
chus hindustanus was fused to the 5P and 3P
untranslated regions of the nuclear rbcS2 gene and
used successfully as another dominant selectable
marker in C. reinhardtii [29]. The DNA can be in-
troduced very e⁄ciently by vortexing shortly cells
and DNA in the presence of glass beads, provided
a cell wall-de¢cient strain is used [30]. Another prom-
ising nuclear selectable transformation marker for C.
reinhardtii is the aphVIII gene from Streptomyces
rimosus which encodes aminoglycoside 3P-phospho-
transferase and confers resistance to paromomycin
[31].
During nuclear transformation in C. reinhardtii,
the transforming DNA appears to integrate in most
cases randomly into the nuclear genome. It has there-
fore been possible to use nuclear transformation as a
tool for insertion mutagenesis in which the transfor-
mation vector functions as a tag [32]. This tag can be
used to isolate the disrupted gene.
Attempts to perform targeted disruptions of nu-
clear genes of C. reinhardtii have met with limited
success because of the low rate of homologous re-
combination and of the occurrence of frequent DNA
rearrangements during integration of the transform-
ing DNA into the nuclear genome. Nevertheless, tar-
geted disruption of the NIT8 gene, involved in ni-
trate and nitrite assimilation, has been achieved [33].
Deletion of the psaF gene encoding the plastocyanin-
docking protein of PSI was achieved by cotransform-
ing an arginine-requiring strain with the ARG vector
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and a plasmid in which the psaF gene was inactivated
by three small deletions. Screening of the arginine
prototrophic transformants for a PSI de¢ciency by
£uorescence video imaging yielded one mutant in
which the psaF gene and its surrounding region
had been deleted [34]. It is not clear whether this
event was mediated through homologous recombina-
tion. However, it shows that any nuclear gene which
is important for photosynthetic activity can, in prin-
ciple, be inactivated using similar approaches.
Because of the high rate of nuclear transforma-
tion, it has been possible to rescue nuclear mutants
with cosmid libraries of C. reinhardtii [35,36]. As
many interesting nuclear mutants a¡ected in bioen-
ergetic processes have been isolated in C. reinhardtii,
this technology will prove very useful in the near
future.
3. Biosynthesis of the photosynthetic apparatus
It is now well established that the major photo-
synthetic complexes in algae and plants contain sub-
units, some of which are encoded by the chloroplast
genome and translated on plastid 70S ribosomes.
The other subunits are nuclear-encoded, translated
as precursor proteins on 80S ribosomes and speci¢-
cally imported into the plastids where they assemble
with their chloroplast-encoded partners into func-
tional complexes (Fig. 1). Analysis of numerous pho-
tosynthetic mutants has revealed that most of the
mutations in C. reinhardtii a¡ect chloroplast post-
transcriptional steps (reviewed in [13^15]). Thus, mu-
tants a¡ected in chloroplast mRNA stability, in
RNA processing, in RNA splicing and in translation
have been identi¢ed. One surprising feature of this
analysis in C. reinhardtii is that in most cases each of
these mutations interferes with the expression of a
single chloroplast gene. As an example, nuclear mu-
tations a¡ecting uniquely the stability or the trans-
lation of the psbD mRNA have been found [24,37].
Another remarkable feature is that for each post-
transcriptional step in the synthesis of a given chlo-
roplast-encoded component, several nuclear loci may
be involved. An extreme example is the maturation
of the psaA mRNA encoding one of the reaction
center polypeptides of PSI which requires more
than 14 nuclear loci [38]. The reason for this multi-
plicity of nuclear encoded factors involved in plastid
post-transcriptional events may be due to speci¢c
requirements for the correct timing of the synthesis
of the photosynthetic components or for their target-
ing to the thylakoid membrane.
4. Photosystem II
Photosystem II (PSII) uses the energy from pho-
tons of visible light to drive the oxidation of water
and the reduction of plastoquinone. The core of PSII
is known to be composed of a heterodimer of the
related D1 and D2 proteins (they share 25% identity
[39]; see Fig. 2A), each of which is predicted to con-
tain 5 transmembrane K-helices (see Fig. 2B). This
topological arrangement received experimental con-
¢rmation using the reaction of epitope-speci¢c anti-
bodies and proteases against thylakoid membranes
Fig. 1. Biosynthesis of the photosynthetic apparatus. The nu-
cleus and chloroplast are shown in the upper and lower parts,
respectively. Cytosolic 80S ribosomes and chloroplastic 70S ri-
bosomes are represented by shaded and open double-ovals, re-
spectively. The £ow of genetic information from the nuclear
and chloroplast genomes is symbolized with arrows, with the
roles of nuclear-encoded factors in di¡erent steps of this process
indicated.
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of di¡erent topologies [40]. The D1 and D2 proteins
were ¢rst identi¢ed by Chua and Bennoun [41] as
‘di¡use bands 1 and 2’ on an SDS polyacryalmide
gel of 14C-labeled thylakoid proteins. Although it
had been proposed that D1 bound the secondary
acceptor, QB [42], its role in primary charge separa-
tion was unclear until the isolation of a ‘core PSII’
complex from spinach [43]. This complex is able to
perform primary charge separation between the pri-
mary donor, P680, and the primary acceptor, Pheo,
although it contains only D1, D2, and cyt b559. Pre-
vious biochemical work with PSII from C. reinhardtii
had implicated the CP47 protein as the site of pri-
mary charge separation [44]. The currently accepted
model is that the D1 and D2 proteins bind the spe-
cial pair of chlorophylls that are the primary donor,
P680, along with the primary acceptor, Pheo (a pheo-
phytin a), secondary acceptor, QA (a plastoquinone)
and the ultimate acceptor, QB (a plastoquinone). The
heterodimer model is based upon the relatedness of
Fig. 2. (A) Schematic model of PSII. The D1 and D2 subunits form the core of PSII and bind all redox-active cofactors. The PsbB
(‘P5’ or ‘CP47’) and PsbC (‘P6’ or ‘CP43’) subunits bind Chl a making up the core antenna. Cyt b559 is made up of two small, trans-
membrane subunits (K and L) that together bind two hemes. Also associated with PSII are various small subunits discussed in the
text: PsbI, PsbK, and Ycf8 (note: not all small PSII subunits are included in this ¢gure). On the lumenal side of the membrane are
the extrinsic proteins required for maximal oxygen evolution: OEE1, OEE2, and OEE3. (B) Topological model of D1 from C. rein-
hardtii. Transmembrane K-helices are indicated as boxes and numbered I^V. The site of cleavage of the C-terminal extension is indi-
cated. Residues that have been mutated in C. reinhardtii are indicated as blackened circles. Also shown are residues thought to be inti-
mately associated with cofactors: Tyr161 serving as YZ, His198 serving as the axial ligand to one of the P680 chlorophylls, and the
histidines (His215 and His272) ligating the non-heme iron on the acceptor side.
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PSII to the purple bacterial reaction center (PbRC),
whose structure has been solved [45,46]. As in the
PbRC, charge separation followed by rapid transfer
to the secondary acceptor results in the P680 Q
3
A
state. This is followed by a slower transfer to QB.
A subsequent charge separation and transfer with
concomitant uptake of two protons results in the
conversion of the QB quinone to quinol. This can
then exchange with a plastoquinone to reset the ac-
ceptor side. An obvious di¡erence between the PbRC
and PSII is that the latter uses water, instead of a
cytochrome, as its source of electrons. This stems
from the fact that PSII is utilized in green plants to
drive a linear electron transport chain involving the
cyt b6/f complex and PSI (see Section 5), while the
PbRC is used to drive a cyclic electron transport
pathway that allows the storage of energy by the
creation of a transmembrane proton gradient. PSII
has the addition of an oxygen evolving complex
(OEC) that accomplishes the oxidation of water by
means of a poorly understood process involving a
cluster of four manganese atoms at the donor side.
The Mn-cluster is protected by additional proteins at
the lumenal side that have no counterpart in any
other photosynthetic RC. A tyrosine residue (PsbA-
Tyr161 in Chlamydomonas), known as YZ, serves as
an intermediate between P680 and the OEC [47,48]. It
is oxidized by P680 and then rereduced by the Mn-
cluster, which stores the positive charges. The anal-
ogous tyrosine on D2 (Tyr160), known as YD, is re-
duced very ine⁄ciently by the Mn-cluster and is thus
easily visualized by EPR as a long-lived radical in the
dark. The four charge-storage states of the Mn-clus-
ter are known as S0 (no charges stored), S1, S2, S3,
and S4. After accumulation of four positive charges,
the S4 state very rapidly decays to the S0 state with
the concomitant release of one molecule of O2. Thus,
four charge separations are required for oxidation of
two molecules of water, release of one molecule of
dioxygen (and four protons in the lumenal space),
and conversion of two molecules of plastoquinone
to plastoquinol (with uptake of four protons from
the stromal space).
4.1. Puri¢cation of the PSII complex
Diner and Wollman [49] were the ¢rst to report
biochemical puri¢cation of PSII from Chlamydomo-
nas. This preparation was unable, however, to evolve
oxygen. Later, de Vitry et al. [50] improved upon this
protocol by adding an ion-exchange step. They
obtained a 440^510-kDa homogeneous particle,
which should be a monomer (they estimated a con-
tribution of 274 kDa from proteins, and the rest
from lipids, detergent, and water). These PSII par-
ticles contained D1, D2, CP47, and CP43 in 1:1:1:1
stoichiometry. By N-terminal amino acid
sequencing, they were also able to identify PsbE
(cyt b559 a subunit), PsbM, PsbK, and a 6.1-kDa
polypeptide. In addition, they observed two forms
of phosphorylated PsbH. While unable to evolve
O2, the PSII particles did have signi¢cant YZCQA
activity, similar to such preparations from cyanobac-
teria and spinach.
Later, Bumann and Oesterhelt [51] puri¢ed PSII
particles from C. reinhardtiis using the detergent do-
decyl maltoside and anion exchange chromatogra-
phy. They obtained a 230-kDa monodisperse particle
with stoichiometry of 1 D1: 1 D2: 1 CP47: 1 CP43:
1 cyt b559 : 2 Pheo a : 40 þ 4 Chl. No LHC was de-
tected, consistent with the high Chl a/b ratio (s 12).
These PSII particles exhibited high O2 evolution
rates. However, a higher activity using ferricyanide
as an electron acceptor as compared with an arti¢cial
quinone (DCBQ), as well as only partial inhibition
by DCMU, indicates some alteration of the QB site,
as has been observed with other highly puri¢ed PSII
preparations (e.g. Km(DCBQ) = 84 þ 20 WM at pH
6.0, as compared to 92 þ 9 for spinach). All of these
characteristics compare favorably with preparations
from spinach, allowing one to do biochemical anal-
ysis of PSII in an organism tractable to genetic and
molecular analysis.
Sugiura et al. [52] have recently taken advantage of
the molecular biology to simplify puri¢cation of PSII
from Chlamydomonas. After attaching a ‘His-tag’
(i.e. six consecutive histidine residues) to the C-ter-
minus of D2, they found that they could purify PSII
complexes in one step by passing detergent-solubi-
lized thylakoid membranes over a Ni2 a⁄nity col-
umn. Elution with imidazole gave a very pure (Chl a/
b ratio s 14) and active (1030 Wmol O2 mg Chl31
h31) preparation of PSII that appeared to contain all
subunits. The short preparation time (4 h) of this
procedure should help to advance the analysis of
PSII.
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4.2. Biophysical analysis of photosystem II
Rigby et al. [53] examined the dark-stable YcD rad-
ical in PSII isolated from spinach, C. reinhardtii, and
a cyanobacterium (Phormidium laminosum) by elec-
tron-nuclear double resonance (ENDOR) spectro-
scopy. They were able to resolve eight hyper¢ne cou-
plings, which they assigned to the tyrosine radical.
The hyper¢ne couplings attributed to the tyrosine
ring protons appear identical in all three species,
but those arising from the L-proton di¡er noticeably.
YcD from C. reinhardtii PSII exhibits larger couplings
than that from spinach, resulting in a broader EPR
spectrum (0.6 G), while Phormidium PSII has small-
er couplings, resulting in a narrower EPR spectrum
(0.8 G). This was interpreted in terms of a species-to-
species variation in the orientation of the aromatic
ring with relation to the L-methylene group.
4.3. Analysis of mutants de¢cient in photosystem II
activity
4.3.1. Acceptor side
The ¢rst mutants obtained in PSII were those that
rendered the complex resistant to various herbicides,
such as DCMU or atrazine, which act by binding the
QB site and blocking access to plastoquinone. The
analysis of mutants a¡ected in the acceptor side of
PSII has thus been dominated by this class of mu-
tants (all mutants discussed herein are mapped onto
the topological representation in Fig. 2B). Erickson
et al. [54,55] examined a set of six herbicide-resistant
mutants of Chlamydomonas. They found that all of
the mutations mapped to the psbA gene, which en-
codes the D1 protein. In fact, all of the changes giv-
ing rise to herbicide-resistance were located either in
a small area of the loop between helices 4 and 5 or
on the stromal side of these helices. Three of the six
mutations mapped to a region predicted to be an
extramembrane helix, in which one of the sites would
be analogous to Trp250 (Phe255) and the other to
Ala258 (Ser264) of the PbRC M subunit, both of
which are involved in binding QA. Thus, by analogy,
they would be predicted to be involved in binding QB
in PSII. The mutations G256D and S264A resulted
in the highest general resistance and much reduced
QACQB kinetics, while the others show only modest
(2-fold at most) decreases in electron transfer.
Trebst and colleagues [56] examined the resistance
of ¢ve di¡erent herbicide-resistant C. reinhardtii mu-
tants (PsbA-V219I, A251V, F255Y, S264A, L275F)
against a systematic battery of herbicides. They ob-
served interesting trends with di¡erent mutants, and
di¡erent herbicides. PsabA-F255Y is resistant to a
very narrow range of inhibitors: only atrazine (and
derivatives) and cyanoacrylate. Interestingly, the mu-
tations in the fourth loop are cyanoacrylate resistant,
but the ones in the helices (V219I and L275F) are
not. Ioxynil displays a gradient in resistance from
V219I (the highest) to L275F (supersensitive). None
were resistant to the quinoline type inhibitors or to
ketonitriles. Interestingly, while PsbA-S264A exhibits
impressive resistance to urea and triazine derivatives,
the corresponding mutation has little e¡ect in land
plants [57,58]. Przbilla et al. [59] made use of biolistic
transformation to introduce double (S264A/N266T)
and triple (I259S/S264A/N266T) mutants by virtue
of S264A-mediated herbicide-resistance. While the
N266T decreased resistance to atrazine and urea de-
rivatives, it increases resistance to cyanoacrylate and
phenmedipham; this is in contrast to the PsbA-
N266T mutation in Synechocystis 6714, which re-
sulted in increased resistance to metribuzin and
ioxynil.
A more exhaustive analysis of residue Ala251 of the
D1 subunit has been performed recently by Lardans
et. al. [60,61]. While conversion of this residue to
Gly, Cys, Ser, Val, Ile, Leu, or Pro allow PSII activ-
ity to some degree, mutation to Arg, Asp, Glu, Gln,
or His do not. These latter were analyzed in more
detail, and it was found that, although they accumu-
late various amounts of D1 polypeptide (15^75% the
wild-type steady-state level), they are all incapable of
oxygen evolution. Subsequent analysis by £ash £uo-
rometry indicated that electron transport between
QA and QB is blocked in these mutants [60]. In
fact, given the extremely high dissociation constant
at QB measured in these mutants, it is likely that they
do not normally have a quinone in the QB site [60].
Interestingly, some of these mutants exhibit novel
forms of D1-related polypeptide. The PsbA-
A251D,E,H,Q substitution mutants synthesize vari-
ous amounts of a 33^34-kDa and a 24^25-kDa poly-
peptide (D1 is normally 32 kDa). That the 33^34-
kDa form is not due to lack of C-terminal processing
(see below) is evidenced by deletion of the C-terminal
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extension in the context of the A251D mutation; the
apparent molecular weight (33^34-kDa) is un-
changed, indicating that processing occurs normally
in the PsbA-A251D mutant. Although it cannot be
excluded that the slower migration is due to phos-
phorylation of the mutant D1 polypeptides, it is
striking that the 33^34-kDa forms of PsbA-A251H
and PsbA-A251Q are approximately as stable as
wild-type, while those of the PsbA-A251E and
PsbA-A251D mutants are noticeably less stable.
The 24^25-kDa form is unstable in all four mutants.
Based on its size and its recognition by antibodies
raised against N-terminal regions of D1, one can
predict its C-terminus would be between residues
258^269 (i.e. near the end of loop 4, shortly after
the mutation site). When solubilized with 1% lithium
dodecyl sulfate, the 24^25-kDa form migrates at the
position of the mature D1 (i.e. 32 kDa); 2% lithium
dodecyl sulfate is required for adequate visualization
of the 24^25-kDa form and, presumably, for disrup-
tion of its association with a 8^9-kDa polypeptide.
Lardans et al. [61] concluded that this short form is
not a degradation product of the 33^34-kDa form, as
both forms are synthesized simultaneously and there
is no observable chase of the longer to the shorter
form, and instead proposed that the nascent D1
polypeptide is cleaved during translational pausing
in loop 4 [62] and remains associated with a small
polypeptide involved in PSII assembly. However, it
seems equally likely that such a proteolytic cleavage
could occur without necessarily disrupting further
translation, and that the two parts of D1, although
not covalently linked, could associate via hydro-
phobic interactions between transmembrane helices
3, 4, and 5 (note that helix 5 should be located be-
tween helices 3 and 4, based on analogy with the
PbRC). Thus, it might be the loss of quinone at
the QB site that makes this region of loop 4 more
accessible to proteolytic attack. The 24^25-kDa poly-
peptide was not seen in the A251 substitution mu-
tants that had QB quinone [60].
Lardans et al. [60] subsequently analyzed the pho-
totrophic PsbA-Ala251 substitution mutants in more
detail. The substitution of Ala251 with Cys has the
smallest e¡ect, and this mutant is completely photo-
autotrophic. Substitution with Gly, Pro, and to a
lesser extent Ser, has the e¡ect of somewhat slowing
electron transfer between QA and QB as well as de-
creasing the e⁄ciency of primary photochemical
charge separation, but these mutants exhibit no sig-
ni¢cant defects in photosynthetic growth. Substitu-
tion with Ile, Leu, and to a lesser extent Val, more
severely impairs QA to QB electron transfer, but these
mutations do not a¡ect primary charge separation.
However, these mutants are noticeably impaired in
photoautotrophic growth. As mentioned above, the
PsbA-A251V mutant is herbicide-resistant. The
PsbA-A251I mutant appears virtually identical to
the PsbA-A251V mutant, while the PsbA-A251L mu-
tation results in greater herbicide resistance and low-
er photosynthetic competence. These workers noticed
a correlation between the bulkiness of the side chain
at position 251 and the calculated plastoquinone dis-
sociation constant at QB : the larger the volume of
the side chain, the lower the occupancy of QB. This
explains, perhaps, why occupation of this position
with Gly, Ala, Ser, Cys, or Pro allows normal photo-
autotrophic growth, while Asp, Glu, Gln, His or Arg
do not (reversion analysis of Arg, Gln, and His sub-
stitution mutants additionally indicates that substitu-
tion with Asn, Tyr, or Lys would also prohibit pho-
totrophic growth [60]); conversion of Ala251 to Val,
Ile, or Leu results in intermediate e¡ects. It seems
likely, however, that volume is not the only impor-
tant variable, and that the chemical nature of the
side chains also plays a role.
The non-heme iron (Fe2) of PSII is located be-
tween the quinone sites QA and QB. The bacterial
RC2 has an analogous non-heme Fe in the same
position [45,46], and the four histidines used to ligate
it are conserved in D1 and D2 (Fig. 2B). However,
the glutamate residue that serves as the ¢fth ligand in
the bacterial RC2 is not conserved in PSII, where
this role is thought to be performed by a bicarbonate
ion (reviewed in [63]). This hypothesis would explain
the e¡ect of bicarbonate, and of its replacement by
formate, upon kinetics of electron transfer from Q3A
to QB/Q3B . Based on analogy with the Rb. sphaeroides
RC structure, Hutchison et al. [64] hypothesized that
Arg269 of D1 might be involved in binding the bicar-
bonate, and tested this idea by mutating it to Gly.
The PsbA-R269G mutant is signi¢cantly perturbed
in its function. Although the mutant complex is ca-
pable of accumulating to 60^80% the wild-type level,
it does not have an associated tetramanganese com-
plex, nor is it able to donate electrons to an arti¢cial
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acceptor (dichlorophenol indophenol (DPCIP)) in
the presence of arti¢cial donors that bypass the
OEC (diphenyl carbazide (DPC) and hydroxyl-
amine). It appears that approximately 30^50% of
the mutant reaction centers are capable of charge
separation, as the oxidized YD and reduced Q3A
Fe2 (formate-enhanced) EPR signals can be ob-
served, albeit to a lower extent. As the g-values of
both signals are unchanged, it is unlikely that the
mutation causes large perturbations of the environ-
ments of either cofactor. Moreover, as formate still
has an e¡ect on Q3A to QB/Q
3
B electron transfer in the
mutant, it would seem that PsbA-Arg269 is not re-
quired for binding bicarbonate [64]. However, loss of
this large side chain has signi¢cant e¡ects on both
the acceptor and donor sides, indicating that struc-
tural changes can be transmitted from one side to the
other.
4.3.2. Donor side
Most of the mutations made in the donor side
a¡ect either YZ or the oxygen evolving complex or
both. Ro¡ey et al. [65^67] constructed and charac-
terized the PsbA-H190Y and PsbA-H190F mutants
in C. reinhardtii. They saw a modest decrease of O2
evolution in PsbA-H190Y, but no di¡erence in P680/
Chl ratios. Fluorescence measurements suggest a re-
duction in the rate of electron transfer between YZ
and QA. The PsbA-H190F mutant seems to lose the
Mn-cluster, yet accumulates PSII to a level of 90%.
This conclusion is supported by the lack of O2 evo-
lution, a 5-fold drop in the Mn/Chl ratio in washed
PSII membranes, the observation of electron dona-
tion by DPC even before hydroxylamine treatment
(DPC can bypass the OEC after it is removed), and
the lack of 4-state cycling. These observations were
rationalized by an EPR analysis [67]. The lineshapes
of £ash-induced YcZ and Y
c
D are essentially un-
changed in the PsbA-H190F,Y mutants. However,
the yields of the Yc radicals are reduced by 85^
90% in both mutants. It is surprising that these mu-
tants can accumulate such high amounts of the PSII
reaction center in the absence of the Mn-cluster;
contrast this to the FuD44 mutant, where the com-
plex does not accumulate in the absence of OEE33
(see below). Electron transfer is possible from YZ to
QA in PSII from the mutants, and with DPC to
reduce YZ, the maximum rate was 50% of wild-
type using hydroxylamine-washed thylakoids (i.e.
without the OEC). The low yield of YcD can be ex-
plained by the absence of the Mn-cluster (YD is usu-
ally oxidized by the S2 and S3 states). The low yield
of YcZ could be due to a slower transfer from YZ to
P680. The high DPCCDCIP rate can be explained
either by DPC pushing the equilibrium to the right
by e⁄ciently reducing YZ or by direct reduction of
P680 by DPC. Because the EPR spectrum of YZ is
unchanged by the mutations, it is unlikely that D1-
His190 contributes signi¢cantly to the environment of
YZ. This is in stark contrast to the results with the
corresponding histidine of D2 in Synechocystis
PCC6803, mutation of which cause signi¢cant
changes in the YD spectrum [68,69]. Both of these
observations are consistent with the structural model
of PSII based principally on the PbRC structure [70],
in which D2-H190 should be closer to YD than D1-
H190 is to YZ. The fact that Tang et al. [71] saw a
disappearance of the 5-MHz ESEEM modulation in
the S2 multiline signal of Synechocystis PSII labeled
with 15N-His indicates a histidine ligand to the Mn-
cluster. Thus, it is possible that His190 is this ligand.
Ro¡ey et al. [66] were successful in making a more
subtle mutant, PsbA-H195D, which appears to
change the equilibrium constant for the electron
transfer reaction (YZ P680HY

Z P680) such that re-
reduction of P680 is 50-fold slower in the absence of
the Mn-cluster. They interpreted this to signify a
shift in the midpoint potential of YZ, as there is no
evidence for a shift of the midpoint potential of P680.
PsbA-H195Y and PsbA-H195N resemble wild-type.
His195 is three residues from His198, the proposed
axial ligand to one of the chlorophylls of P680, and
should be close to both YZ and P680.
The consequences of mutating YZ itself have been
explored by Minigawa et al. [72], who converted
Tyr161 of D1 to phenylalanine. As expected from
results on the analogous mutant in Synechocystis
PCC6803 [73], P680 is no longer re-reduced with rapid
kinetics (6 1 Ws in wild-type) in the PsbA-Y161F
mutant. However, £ash-induced £uorescence changes
are consistent with the use of slower donors to P680.
At least some of these are endogenous cofactors, as
illumination of thylakoids from the mutant causes
irreversible bleaching of absorption bands corre-
sponding to chlorophylls and carotenoids. Bleaching
of the carotenoid bands can be inhibited by arti¢cial
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donors (hydroquinone) or DCMU, indicating a re-
quirement for multiple formations of P680, and by
anerobiosis or scavenging enzymes (superoxide dis-
mutase or catalase). These latter results implicate re-
active oxygen species in the photodestructive process,
but the fact that the addition of ferricyanide (as an
electron acceptor) under anaerobic conditions allows
photobleaching to proceed, indicates that reduction
of O2 is not obligatory. Rather, Minagawa et al. [72]
hypothesized that P680 ¢rst oxidizes a nearby carote-
noid, and after a second photooxidation P680 oxidizes
a water molecule. This would lead to the eventual
production of hydroxyl radical, which would attack
the oxidized carotenoid.
The D1 protein in all organisms studied to date,
with the exception of Euglena gracilis [74], is synthe-
sized as a precursor with a carboxy-terminal exten-
sion [75]. As there is no obvious sequence similarity
between the C-termini of various D1 proteins beyond
the site of proteolytic cleavage, the role of the exten-
sion is unclear, but failure to remove it has dramatic
consequences. The LF-1 mutant of the alga Scenes-
desmus obliquus cannot process D1, with the result
that its PSII is defective for oxygen evolution.
Although it is able to assemble the PSII RC, it is
unable to assemble a functional OEC [76], presum-
ably because the longer C-terminus, which should be
located in the lumen, interferes with the assembly
process. Two groups have tested the requirement
for the C-terminal extension in C. reinhardtii by
changing the codon corresponding to the ¢rst residue
of the extension to a stop codon [77,78]. Schrader
and Johanningmeier [77] noticed that the loss of
the extension does not have a signi¢cant e¡ect, but
analysis was complicated by the combination of the
deletion with the S264A/S266T mutations, which re-
sult in herbicide resistance. Lers et al. [78] performed
a much more extensive analysis on D1 mutants
modi¢ed only at the C-terminus, but they reached
the same conclusion: under all light regimes, there
is no observable di¡erence between the wild-type and
the mutant strain in terms of photosynthetic growth
or in O2 evolution. Thus, the only known role for the
C-terminal extension is its elimination.
4.3.3. Oxygen evolving complex
The OEC of green plants is protected by three
extrinsic proteins, OEE1, OEE2, and OEE3, corre-
sponding to proteins whose apparent molecular
weights are usually close to 33, 24, and 17 kDa (re-
viewed in [79,80]). Only the 33-kDa protein is con-
served in cyanobacterial PSII, pointing to its central
importance. Although early reports that removal of
OEE1 resulted in loss of the Mn-cluster indicated
that it might play a direct role in Mn binding, the
fact that it can be removed from the PSII core with-
out extraction of Mn under certain conditions has
cast doubt on this view. However, the requirement
for elevated Ca2 and Cl3 levels in these OEE1-less
PSII RCs suggests that the extrinsic proteins might
stabilize these essential ions in the OEC [79,80].
The FuD44 mutant has a 5 kb insertion in the 5P
region of the psbO gene, which results in the absence
of both the OEE1 mRNA and protein [81]. While the
FuD44 mutant can accumulate OEE2 and OEE3, it
contains very little D1, D2, P5, or P6. Their loss
appears to be due to rapid turnover. The loss of
O2 evolution in this strain suggests an absolute in
vivo requirement for OEE1, although this interpreta-
tion is complicated by the apparent requirement for
OEE1 during assembly of the PSII RC. Later, sev-
eral laboratories were able to delete the psbO gene in
two species of cyanobacteria [82^85]. Interestingly,
these cyanobacterial mutants are able to assemble
signi¢cant amounts of PSII and evolve O2 at 30^
80% the rate of wild-type, but only if thylakoid mem-
branes are isolated in the presence of excess CaCl2
and MnCl2. It has been suggested that cyanobacteria
contain higher concentrations of Ca2 and Cl3 than
chloroplasts [86], which may explain the in vivo dif-
ferences. However, a comparison with the C. rein-
hardtii PsbA-H190F mutant [65^67], which accumu-
lates 90% of the PSII RC in the absence of a Mn-
cluster, suggests that the lack of assembly in the
FuD44 mutant might be due to structural constraints
rather than a de¢ciency in Mn-cluster formation.
The BF25 and FUD39 mutants lack the OEE2
protein, which is encoded by the psbP gene and is
23 kDa in C. reinhardtii [87,88]. Although these mu-
tants accumulated normal levels of D1 and the PSII
RC, O2 evolution was 5% of the wild-type level in
whole cells [88]. Wild-type levels of OEE1 are present
[89], indicating that the donor side is not completely
disrupted. Interestingly, PSII from FuD39 evolves O2
in vitro at 60% the wild-type rate at saturating Cl3
concentrations and at 100% the wild-type rate when
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DPC, which can bypass the OEC, is used as a donor.
However, the mutant PSII requires much more Cl3
for maximal O2 evolution (Kd is ca. 4 mM vs. 30 WM
for wild-type [87]). The fact that high levels of Cl3
are required for protection against rapid light-de-
pendent inhibition of PSII activity in FUD39 also
indicates that this mutant is impaired in chloride
binding. Photoactivation of the mutant PSII was
found to be submaximal at all light intensities tested
and slower than in wild-type, which typically
achieves half-maximal activation in 1 min at inten-
sities as low as 1 Wmol photons m32 s31 and 90%
within 10^15 min. Although enhanced irreversible
photoinhibition was observed after prolonged illumi-
nation at higher intensities, this could not explain the
low activity of OEE2-less PSII after short illumina-
tion times at such intensities [90]. Photoactivation
involves ligation of a Mn2 ion to the PSII core
and its subsequent photooxidation to Mn3. This
occurs twice in two sequential steps to make the
relatively stable (Mn3^Mn3) binuclear state. Be-
tween the two photooxidations is an intervening
‘dark’ step, which may simply represent binding of
the second Mn2 or may also involve a conforma-
tional change required to reveal the second Mn-bind-
ing site. After the ligation of the second Mn3, sub-
sequent binding of two Mn2 ions complete the
assembly of the tetranuclear cluster [79]. Although
the ¢rst two intermediates (i.e. after the ¢rst photo-
act and after the dark step) are unstable, the results
with the FUD39 mutant are not consistent with the
lack of OEE2 decreasing the stability of one of the
intermediates. In such a case, higher rather than low-
er activation would be expected at higher light £u-
ences, as this would lessen the interval between the
two photooxidations. Rather, Rova et al. hypothe-
sized that at least one step during the dark rearrange-
ment requires binding of Cl3, and that this step
would require more time in the OEE2-less mutant
PSII, as its a⁄nity for Cl3 is much lower; they fur-
ther postulated that photooxidation of the Cl3-less
intermediate would produce a reversible non-produc-
tive state liable to photoinhibition if further photo-
oxidized [90]. This model would explain ine⁄cient
activation at both low intensities, in which the Cl3-
stabilized intermediate state would be inabundant
and unlikely to be further photooxidized before re-
laxation, and high intensities, in which the second
photoact would be more likely to produce the non-
productive state. Prolonged illumination at higher
intensities would most likely lead eventually to pho-
toinhibition. Thus, the use of C. reinhardtii mutants
that lack OEE2, a protein that has no analog in
cyanobacterial PSII, has shed light upon the role of
Cl3 ions in the photoactivation process.
4.3.4. Small subunits
The PSII RC preparation [43] was later shown to
contain the psbI gene product in addition to D1/D2
and cyt b559 [91,92]. However, PsbI does not appear
to be involved in binding cofactors in the electron
transport chain, as one can obtain a D1/D2 core
that contains all cofactors (except that it has one
instead of two carotenoids [93]). The PsbI polypep-
tide is only 37 amino acid residues long in C. rein-
hardtii, is 76% identical to its homolog in land plants,
and has one 21-residue stretch of predominantly hy-
drophobic amino acids that could serve as a trans-
membrane domain [94]. Ku«nstner et al. [95] deleted
the psbI gene from the chloroplast genome, and
found that the transformants can still grow photo-
synthetically under low light (6 100 Wmol photons
m32 s31), albeit slowly. This phenotype seems to be
due to lowered PSII accumulation, as the level of D1
protein (10^20% of wild-type) is similar to the level
of residual oxygen evolution (10^20%). Thus, the
major role of PsbI would appear to be in either as-
sembly and/or stability of the PSII RC.
PsbK is another PSII-associated, low molecular
weight polypeptide with a single potential transmem-
brane K-helix. In C. reinhardtii, PsbK is 37 residues
long, is 80^85% identical to PsbK from land plants,
and is encoded on the chloroplast genome [96].
Although it does not always appear to copurify
with highly puri¢ed PSII particles [97], it is found
in very pure preparations of PSII particles from C.
reinhardtii [50]. Takahashi et al. [98] deleted the psbK
gene, and found that psbKv transformants were un-
able to grow phototrophically, yet were not espe-
cially light-sensitive (up to 40 Wmol photons/m2/s).
The lack of variable £uorescence and O2 evolution
in this mutant is consistent with the very low
amounts of D1 detected (less than 10%). As pulse-
labeling of the transformants demonstrated a normal
rate of D1 synthesis, the phenotype of psbKv is pre-
sumably due to decreased assembly and/or stability
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of PSII. Interestingly, deletion of the psbK gene did
not have such a drastic e¡ect in the cyanobacterium
Synechocystis PCC6803 [99]. Analysis of psbKv mu-
tants in Synechocystis was complicated, however, by
the fact that these mutants grow at half the wild-type
rate even in the presence of glucose. Thus, PsbK may
have role outside of PSII in cyanobacteria. However,
we can conclude that PsbK is not required for PSII
activity, as was already seen by biochemical puri¢ca-
tion in other species [100,101].
While the above two polypeptides were ¢rst iden-
ti¢ed biochemically and then the phenotype of their
ablation was determined, characterization of the ycf8
gene product took a di¡erent route. The ycf8 gene
(for ‘hypothetical chloroplast open reading frame 8’)
was identi¢ed by sequencing of chloroplast genomes.
It is conserved between C. reinhardtii and several
land plants, and encodes a potential polypeptide of
31 residues with a signi¢cant hydrophobic stretch
[102]. Using antibodies raised against recombinant
Ycf8, Monod et al. [103] demonstrated that the
Ycf8 polypeptide is part of the PSII complex. It
not only fractionates as a thylakoid membrane pro-
tein, but it copuri¢es with PSII. Moreover, Ycf8 is
reduced in mutants that fail to accumulate PSII. The
ycf8 gene was deleted by biolistic transformation
[103]. The resulting transformants are sensitive to
high light, although PSII appears to accumulate nor-
mally. Additionally, the loss of Ycf8 has a signi¢cant
e¡ect on the level of variable £uorescence and O2
evolution (decrease of 10^30%). Thus, the Ycf8 poly-
peptide appears to be required for full activity of
PSII, but not for its assembly or stability; it may
function to conserve PSII activity during adverse
conditions.
The psbH gene product is a 9-kDa phosphopeptide
associated with PSII. It has one potential transmem-
brane K-helix, and the site of phosphorylation at the
N-terminus (Thr3) is presumed to be stromal [104].
Not only is it the most conspicuous non-LHC phos-
phopeptide in the thylakoid during 32P-labeling ex-
periments [105], but it is also phosphorylated in cy-
anobacterial PSII [106]. The psbH gene was
inactivated by Summer et al. [107] in such a way as
not to a¡ect the expression the psbB and psbN genes,
which are in the same transcriptional unit [103]. The
psbHv half mutants are non-photosynthetic and do
not contain PSII [107]. Interestingly, the core sub-
units of PSII (PsbA/B/C/D) are translated in the ab-
sence of PsbH, but are degraded. Although the rate
of degradation is slower than that seen in mutants
lacking core PSII subunits, it must be fast enough to
account for the fact that no core PSII polypeptides
are observed at steady state. Similar results were ob-
tained by O’Connor et al. [108], although they also
succeeded in making a more subtle mutation that
simply changes the phosphorylation site. The PsbH-
T3A mutant grows photoautotrophically and har-
bors normal PSII activity. The only change in PSII
activity observed in this mutant is a 35% decrease in
steady-state O2 evolution. Unfortunately, it was not
veri¢ed that PsbH is non-phosphorylated in the
PsbH-T3A mutant. PsbH is another example of a
small polypeptide required for assembly and/or
stability of the eukaryotic PSII complex. However,
the purpose of its phosphorylation remains unclear.
4.4. Assembly of photosystem II
The assembly of PSII is a complicated process.
The core of D1/D2 must not only self-associate and
bind the cofactors of the internal electron transfer
pathway, but must also associate with cyt b559 and
the core antenna components CP47 and CP43. To
this must be added the Mn-cluster, the extrinsic lu-
menal proteins with associated ions in addition to the
plethora of small hydrophobic polypeptides that are
a⁄liated with PSII. Once PSII is assembled, the story
is not over; it has been long known that the D1
protein is degraded at a faster rate than the rest of
the core components of PSII. The degradation of D1
appears to be linked in some way to the process of
photoinhibition, in which PSII activity is lost in a
light-dependent manner (reviewed in [109,110]). It is
not clear to what level the PSII complex is disas-
sembled during the recovery process, in which a
new D1 polypeptide is synthesized and reinserted
into the complex. Below, we review what is known
about this process in Chlamydomonas, a system that
is uniquely advantageous in terms of ease of manip-
ulation and availability of mutants.
A survey of the e¡ects of various PSII mutants
was made by de Vitry et al. [89]. They examined
various mutants defective for D1 (FUD7), D2
(FUD47), CP43 (F34 and FUD34), OEEI
(FUD44), and OEE2 (FUD39 and BF25). Their
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data are consistent with the existence of a D1/D2/
CP47 sub-assembly unit. Not only is the rate of syn-
thesis of CP43 una¡ected by the absence of either D1
or D2, but signi¢cant amounts of it can accumulate
in thylakoid membranes. CP47 and D1 do not accu-
mulate in FUD47 (D2-less); CP47 and D2 do not
accumulate in FUD7 (D1-less). More importantly,
in mutants lacking CP43, there exists a subcomplex
containing D1, D2, CP47, and cyt b559. However, in
mutants lacking either D1 or D2, no subcomplexes
are observed. Interestingly, even in mutants with no
PSII, all three extrinsic OEE proteins can accumulate
in the thylakoid lumen, but they are lost during thy-
lakoid puri¢cation, presumably because they are no
longer attached to the membrane. The binding of
OEE3 to the thylakoid depends upon the presence
of OEE2, indicating that OEE2 is required for e⁄-
cient binding of OEE3 to the PSII RC. There also
seems to be an interaction between CP43 and OEE2,
as OEE2 is speci¢cally redistributed from stacked to
unstacked thylakoid membranes in mutants lacking
CP43. This study is complemented by earlier work by
Jensen et al. [111], in which a mutant that fails to
synthesize CP47 due to a lack of psbB mRNA [112]
was examined. In this mutant, D1, D2, and CP43 are
unstable; interestingly, D2 seems less stable than D1.
With antibodies, Monod et al. [102] observed no ac-
cumulation of D2 or CP43 in thylakoids of another
mutant that does not synthesize CP47. Unfortu-
nately, no one has yet performed a similar analysis
as was done by de Vitry et al. [89] to see if there is a
transient PSII subcomplex in mutants that lack
CP47.
By now it is fairly clear that in the absence of any
one of the major subunits of PSII (D1, D2, CP47,
CP43, cyt b559, OEE1), the rest fail to accumulate
[13]. In some speci¢c cases, there may even be an
inhibition of translation of certain subunits in the
absence of speci¢c subunits (i.e. D1 might be synthe-
sized at a lower rate in the absence of D2 [89,113]).
The fact that a limited subcomplex of D1/D2/CP47
can form transiently in the absence of CP43 may
re£ect a feature built into PSII that allows it to par-
tially disassemble after photoinactivation, permitting
the speci¢c proteolysis of D1 (see below). It has been
proposed that PSII may be arranged similarly to PSI
[114^116]. That is, the PsaA and PsaB proteins con-
tain both a PbRC-like part and core antenna part,
while in PSII these functions are split into separate
proteins: D1/D2 would correspond to the PbRC-like
core of a heterodimer of two 5-helix membrane pro-
teins, while CP47 and CP43 would correspond to the
outer core. This model predicts that each core anten-
na protein would be primarily associated with one of
the RC core proteins. The data would indicate that
CP43 is associated with D1 and that CP47 is associ-
ated with D2. This would explain why D2 seems to
be less stable than D1 in CP47-less mutants [111],
while the converse is usually true. The fact that
D1/D2/CP47 can assemble transiently into a subcom-
plex might re£ect the fact that CP43 needs to be ¢rst
removed before D1 can be removed, proteolyzed,
and replaced by a new D1; only then could CP43
be reintegrated into PSII.
Adir et al. [117] observed that under conditions of
high light, D1 (along with D2 and CP47) moved into
unstacked thylakoid membranes. With a very short
pulse-labeling, the D1 precursor is detected in stro-
mal lamellae, mature D1 in granal lamellae, and a
mixture in the intermediate membranes. Upon chase,
all molecules of D1 become mature and localize to
the grana. However, even the newly synthesized D1
precursor appears to be part of the PSII RC com-
plex. Thus, it would appear that PSII, or a subcom-
plex thereof, moves from granal to stromal lamellae,
where D1 is degraded and a newly synthesized D1
(precursor) is inserted; the reinvigorated PSII would
then return to the granal regions. This sort of scenar-
io is similar to the one envisaged in land plants,
although Barbato et al. [118] observed a more com-
plicated maneuver in Tris-washed spinach thylakoid
membranes. Upon, illumination with bright light,
PSII seems to break down into monomers (from a
dimeric state) and then into a subcomplex lacking
CP43; subsequently, both the PSII subcomplex and
CP43 move independently into the stromal lamellae.
4.5. Photoinhibition
It has been long known that illumination with in-
tense light can cause a loss of PSII activity with a
concomitant degradation of the D1 subunit [110].
This has been examined in great detail by several
laboratories using Chlamydomonas. It is relatively
simple to distinguish between the inactivation of
PSII and degradation of D1. For example, cells ex-
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posed to 3^4 mmol photons m32 s31 for 1.5 h at 2‡C
lose 80% of PSII activity with only a 20% loss of D1
protein [119]; subsequent incubation at 25‡C allows
degradation of D1 and replacement by new D1. This
latter step can be blocked by inhibitors of chloroplast
translation, such as chloramphenicol, with the result
that only a small amount of PSII activity is regained
[119,120]. Thus, in some way, the D1 protein is
‘tagged’ for degradation by a process that may or
may not have to do with photoinactivation. Unfortu-
nately, few experiments have been designed to distin-
guish between these di¡erent processes.
The process of PSII photoinhibition and subse-
quent recovery in vivo was examined in detail by
van Wijk et al. [119]. There is a measurable amount
of PSII activity (25%) that can by restored in the
absence of chloroplast translation; this seems to cor-
respond to a fraction of PSII that is only a¡ected in
the OEC and is reactivated in the ¢rst 2 h of recov-
ery. As synthesis from cytoplasmic ribosomes is not
required for reassociation of OEE1 to PSII during
recovery [121], this damage of the OEC does not
appear to represent irreversible modi¢cation of the
extrinsic proteins. Recovery of the majority of the
cellular PSII activity requires primarily synthesis of
new D1 protein, (4.5:1 for D1:D2 and s 6:1 for
D1:CP43). This ratio drops over time to the
steady-state ratios (2:1 for D1:D2 and 3:1 for
D1:CP43). By adding translational inhibitors at var-
ious times during the recovery process, it could be
estimated that it takes approximately 1 h for newly
synthesized D1 to be reintegrated into a fully func-
tional PSII complex [119]. This lag may represent the
time for rebuilding the OEC, as it appears that newly
synthesized D1 is immediately incorporated into
complexes [117]. By using DPC to bypass the OEC
and by measuring the YcZ , Y
c
D , and Q
3c
A radicals by
EPR, it was possible to assess where the damage lay.
It appears that about one-third of the protein syn-
thesis-dependent population is damaged at YZ, yet
still has normal YD ; it also has functional P680 and
QA, and is capable of charge separation between
them. The remaining two-thirds have no detectable
QA and no photooxidizable YZ or YD ; this popula-
tion might also be damaged at P680. It may be that
the ‘YZ-less cohort’ is an intermediate state that is
converted to the second, more damaged, state upon
further illumination.
If D1 must be degraded, resynthesized and rein-
corporated into PSII, the question arises: what hap-
pens to the Mn-cluster and extrinsic proteins of the
OEC? Eisenberg-Domovich et al. [121] addressed
this question in C. reinhardtii in vivo. As D1 is de-
graded during illumination in the presence of chlor-
amphenicol, the extrinsic proteins (OEE1, -2 and -3)
lose their association with the membrane, although
they are not degraded. There is a very good correla-
tion between the amount of D1 and the amount of
thylakoid-attached OEE1. The release of OEE1 re-
quires D1 degradation and not simply photoinacti-
vation, because in mutants blocked in electron trans-
port beyond PSII (see below), the degradation of D1
is inhibited even after loss of 90% of the activity; in
this case, OEE1 remains attached to PSII. Reassoci-
ation does not require new OEE1 synthesis, but does
require assembly of PSII, as was shown using a mu-
tant thermosensitive for PSII assembly. Although
this reassociation does not require light, full reacti-
vation of PSII activity does [119,121,122], consistent
with the known requirement of light for Mn-cluster
activation [79]. These results are similar to those ob-
tained with spinach thylakoids in vitro [123], in
which release of the three extrinsic proteins corre-
lated with loss of D1 during photoinhibition. Addi-
tionally, after removal of the OEE proteins by 2 M
CaCl2 washing, intense illumination results in a pro-
gressive loss of Mn that also correlates with D1 deg-
radation (ca. 4 Mn atoms per D1 protein [123]).
Thus, before or during D1 degradation the OEC
must be disassembled completely, including removal
of the Mn atoms, which is not surprising considering
the role that D1 plays in Mn-cluster binding [79].
The reintegration of a new D1 into the subcomplex
is presumably followed by Mn binding, reassociation
of extrinsic proteins with calcium and chloride ions,
and then the light-dependent activation of the Mn-
cluster for full recovery of PSII activity.
There have been several attempts to understand
what controls degradation of D1. In Chlamydomo-
nas, as in land plants and cyanobacteria [110,124],
the addition of Q3B directed herbicides can inhibit
the degradation of D1 during photoinhibitory con-
ditions [124,125]. The inhibitor DCMU is capable of
inhibiting the slow phase of photoinactivation, and
can protect D1 from degradation during intense illu-
mination, but not during the recovery period. Deg-
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radation of the ‘tagged’ D1 can occur in darkness
even in the presence of DCMU. Thus, the idea would
be that DCMU somehow inhibits the tagging event,
but once this occurs degradation is inevitable. The
Ohad laboratory has also observed that mutants
blocked in electron transport beyond PSII can inhibit
the degradation of PSII [120,126]. They examined
mutants lacking cyt b6f (D6), plastocyanin
(AC208), and PSI (B4), and found that, although
photoinactivation is somewhat slower in the mutants,
D1 degradation is much slower. Anaerobic condi-
tions also slow PSII photoinactivation and D1 deg-
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radation. Their explanation for these results is that
the PQ/PQH2 ratio determines the rate of photoinac-
tivation and D1 degradation (i.e. a reduced PQ pool
inhibits D1 degradation).
The initial event of photoinhibition in vivo, at
least in low light conditions, is now much better
understood thanks to an analysis of the quantum
e⁄ciency of D1 degradation. Keren et al. [127] found
that even low photon £uxes can induce D1 proteol-
ysis. The quantum yield of D1 degradation is very
high at 10^50 Wmol photons m32 s31, while photo-
synthesis saturates at values 20^100-fold higher. An
hypothesis to explain this is that the S/QB state con-
trols degradation: the S2,3/Q3B states can recombine
(half-time = 2 s in C. reinhardtii cells at 25‡C) per-
haps generating harmful radicals or triplet states.
The e⁄ciency of Q3B generation is very high, saturat-
ing at 0.5^1 Wmol photons m32 s31, which might
explain the high quantum yield of low photon £uxes
for D1 degradation: they allow the formation of Q3B
without providing enough photons to doubly reduce
QB e⁄ciently before it back-reacts. This hypothesis
was tested by a set of courageous experiments. Cul-
tures incubated in the dark with chloramphenicol
were given saturating 6-Ws £ashes every 10 s at
25‡C for 4 h, and the amount of D1 remaining was
determined by immunoblot. A single-turnover £ash
would result in formation of Q3B , which could then
back-react during the 10 s incubation in the dark
before the next £ash. Consistent with the hypothesis,
D1 was degraded signi¢cantly more during the £ash
regime than during 4 h of continuous illumination at
25 Wmol photons m32 s31 ; note that the total
amount of energy delivered by the 1440 £ashes
would be equivalent to less than 5 s at this intensity.
The hypothesis also predicts that a closely spaced
series of £ashes should produce di¡erent results de-
pending on the number of £ashes in the series, due to
the cycling of the S state. To test this prediction, it
was necessary to lower the temperature to 6‡C,
where S2,3/Q3B recombination has a half-time of 30
s. Every 30 s, the cultures were given a series of one
to six saturating £ashes spaced 300 ms apart. The
kinetic model derived by the authors predicts that
di¡erent steady state levels of Q3B will be established
after the ¢rst 50 £ashes by this regime, with an odd
number of £ashes giving high levels of Q3B and an
even number giving low levels. Consistent with the
model, a series of two £ashes resulted in almost no
light-dependent D1 degradation, while three £ashes
gave almost as much as one £ash. Beyond this point,
the relationship broke down and the data had much
higher variability, no doubt due to the unavoidable
presence of PSII RCs which were excited either twice
or not at all during a £ash. Nevertheless, it is striking
that a series of single £ashes results in D1 degrada-
tion equivalent or greater to incubation in low light,
while a series of double £ashes, which would deliver
twice as much energy, results in almost no degrada-
tion. That this oscillating pattern has to do with the
S cycle was tested by repeating this experiment in
Scenesdesmus wild-type and LF-1 mutant cells.
Although the wild-type cells behave essentially as
C. reinhardtii (i.e. one £ash resulted in more D1 deg-
radation than two), the OEC-less LF-1 cells behaved
in the opposite manner (i.e. two £ashes resulted in
more D1 degradation than one £ash).
Note that the experiments described above do not
distinguish between photoinactivation (which was
not measured), tagging, and degradation. However,
it seems most likely that the S2,3/Q3B recombination
results in damage through generation of the triplet
6
Fig. 3. (A) Schematic model of PSI with emphasis on cofactors. The PsaA/PsaB heterodimer binds the cofactors P700 (a pair of Chl
a), A0 (monomeric Chl a), A1 (phylloquinone), and FX (4Fe^4S center), as well as two monomeric chlorophylls (indicated as ChlM)
of unknown function that can be seen in the crystal structure (referred to as ‘eC2’ in [130,131]). The PsaC subunit binds the terminal
electron acceptors, FA and FB (4Fe^4S centers), and, together with the stromal, extrinsic subunits PsaE and PsaD, is involved in bind-
ing ferredoxin. The interaction of PsaC residue Lys35 with ferredoxin is highlighted. Also emphasized is the electrostatic interaction of
lysine residues 16^23 on PsaF with plastocyanin. (B) Topological representation of PsaA/B. The ¢rst 6 transmembrane K-helices are
thought to bind antenna chlorophylls, while the last ¢ve helices would comprise the reaction center of PSI. Conserved histidine resi-
dues of the last six helices that have been targeted by Cui et al. [170], Webber et al. [171], and Redding et al. [172] are indicated, as
well as their degree of conservation with other type 1 reaction centers from photosynthetic bacteria (see key). The extramembranous
helices ‘l’ and ‘n’ seen in the crystal structure [130,131] are also indicated. (C) EPR spectra of wild-type PSI and PsaC-K52S/R53A,
taken from [137] with permission. The positions of the peaks arising from the reduced FA or FB centers are indicated.
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state of P680. Chlorophyll triplets are dangerous due
to their propensity to react with molecular oxygen
and generate singlet oxygen, a highly unstable species
that would probably react with the closest possible
victim (i.e. P680, YZ, the OEC, etc.). Molecular oxy-
gen has been implicated in the process of photo-
inactivation and D1 degradation [128], and it has
been observed that C. reinhardtii cells grown anae-
robically degrade less D1 than those grown aerobi-
cally [126]. Additionally, the S2,3/Q3B recombination
hypothesis makes sense of previous observations that
a reduced plastoquinone pool or the addition of her-
bicides can protect D1 from degradation, as both
these conditions would result in low occupancy of
the QB site.
However, it is clear that the story is not as simple
as we have presented above. Various inhibitors can
protect D1 from degradation, probably by inducing
a conformational change at the QB site. Jansen et al.
[124] examined the e¡ects of a large variety of QB
inhibitors on PSII inhibition and D1 degradation.
The ‘classical’ inhibitors (urea and triazine deriva-
tives) all inhibit D1 degradation to about the same
extent (ca. 50%) when applied at their IC50 (the con-
centration at which oxygen evolution is inhibited by
50%), but the ‘phenol type’ inhibitors (cyanophenols,
nitrophenols, and dinitrophenols) can vary dramati-
cally in their ability to inhibit D1 degradation. Sys-
tematic variation of the substituent at the R6 posi-
tion in 2-bromo-4-nitrophenols showed that the
bulkier the R6 substituent, the better the inhibition
of D1 degradation, although the measured IC50 val-
ues were all very similar. A fairly good, albeit imper-
fect, correlation exists between inhibition of D1 deg-
radation in pulse-labeled Spirodela cells in vivo and
the inhibition of D1 trypsinization (at Arg238 in the
fourth loop, close to QB site residues) in spinach
thylakoids in vitro, which suggests the existence of
a conformational change caused or inhibited by these
compounds. However, DCMU does not protect pre-
viously tagged D1 molecules from degradation in the
dark, nor does it protect D1 from trypsinization after
being previously photoinhibited in C. reinhardtii
[125]. Thus, the classical inhibitors may act by simply
displacing plastoquinone from the QB site, while the
phenol type may act in another way by altering the
site for proteolysis. Finally, the route of photoinhi-
bition may vary depending upon both the quantity
and quality of the light. The method of photoinhibi-
tion may be di¡erent in cells treated with large doses
of light compared to those illuminated with low
doses. At their IC70 (70% inhibition concentrations),
di¡erent inhibitors can vary widely (1^90%) in how
much they inhibit the D1 degradation driven by visi-
ble light, but all inhibit by ca. 60^70% the degrada-
tion driven by UV-B light [124]. The action spectrum
of UV-B-driven degradation resembles that of plas-
tosemiquinone [129], raising the possibilty that the
photoreceptor is plastosemiquinone at the QB site.
5. Photosystem I
Photosystem 1 (PSI) uses the energy from a pho-
ton of visible light to drive the transfer of an electron
from plastocyanin or cytochrome c6 in the lumen of
the thylakoid to ferredoxin in the stroma. This proc-
ess is energetically unfavorable due to the di¡erence
in redox potentials between the soluble electron
transfer partners and the trans-thylakoid electric
¢eld. Thus, the energy of a photon of light is used,
in much the same manner as in PSII. Upon excita-
tion a dimer of chlorophylls (P700) is able to donate
an electron to a nearby chlorophyll (A0), which
serves as a primary acceptor (see Fig. 3A). This elec-
tron is then transferred sequentially to a phylloqui-
none secondary acceptor (A1), an iron^sulfur center
(FX), and to the terminal acceptors (FA and FB),
which are also 4Fe^4S centers, before arriving ulti-
mately at a reversibly bound molecule of ferredoxin.
The oxidized special pair is then reduced by a lume-
nal molecule of plastocyanin. The core of the com-
plex is a heterodimer of the polytopic membrane
proteins PsaA and PsaB, encoded by the chloroplast
genes psaA and psaB, which bind most of these co-
factors. The last two iron^sulfur centers are con-
tained within PsaC, a smaller extrinsic protein bound
to the stromal side of the PsaA/PsaB heterodimer.
Recently, the structure of a cyanobacterial PSI has
been solved to 4 Aî resolution [130,131]. The struc-
tural model indicates that the last ¢ve transmem-
brane helices of PsaA and PsaB interact to form
the reaction center, similar to the way in which the
L and M subunits form the purple bacterial RC,
while the ¢rst 6 transmembrane K-helices are in-
volved in binding many of the 80^100 chlorophylls
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of the core antenna (see Fig. 3B). PSI has been re-
viewed in various degrees of detail [132^134]; thus,
this review will focus on work performed on Chla-
mydomonas PSI.
5.1. Puri¢cation of the photosystem I complex
Nechustai and Nelson [135,136] reported puri¢ca-
tion and characterization of a PSI ‘reaction center’
complex. It contained the PsaA/B heterodimer as
well as PsaC, PsaE, and PsaD. It required either
divalent cations at low ionic strength or monovalent
cations at moderate ionic strength for e⁄cient photo-
oxidation of cytochrome c552, presumably due to the
lack of the PsaF subunit (see below). They also ob-
served photooxidation of cytochrome c552 by the
PsaA/B heterodimer in the absence of the smaller
subunits. By treatment with various translational in-
hibitors, they were able to show that synthesis of
PsaA, B, C takes place in the chloroplast, while
that of PsaD occurs on cytosolic ribosomes [136].
A more recent protocol for puri¢cation of a complete
and highly puri¢ed PSI complex using L-dodecylmal-
toside as the solubilization agent is currently in wide-
spread use [137,138].
Wollman and Bennoun [139] reported the puri¢ca-
tion of a chlorophyll^protein complex called CP0 as
the peripheral antenna complex of PSI. It has a ma-
jor polypeptide of 27 kDa, 4 minor constituents of
27.5, 25, 23, and 19 kDa, and a Chl a/Chl b ratio of
6. The complex has an intense £uorescence emission
peak at 705 nm at 77 K, which is very similar to the
£uorescence peak seen in whole cells lacking PSI.
This peak is missing in a double mutant (AC40-14)
lacking PSI and LHCI, indicating that it arises from
LHCI that is normally quenched by PSI. Bassi et al.
[140] performed a more in-depth characterization of
LHCI. They obtained N-terminal amino acid se-
quence from seven of the LHCI apoproteins, and
found that they were homologous to cab proteins
from both land plants and Chlamydomonas. Two dif-
ferent LHCI complexes could be separated from
PSI: LHCI-680 (£uorescence emission peak at 680
nm) and LHCI-705 (£uorescence emission peak at
705 nm). They di¡ered in their aggregation state
and in that LHCI-680 contained the PsaF polypep-
tide and LHCI-705 did not. LHCI could be further
separated by isoelectric focussing into individual
chlorophyll-binding proteins and then reconstituted
back into a complex that resembled LHCI-705. As
many as 10 di¡erent chlorophyll-binding proteins are
present in LHCI, and immunological analysis indi-
cated that these polypeptides fall into three groups:
those resembling high chlorophyll b-containing
LHCII polypeptides; those resembling CP24; and
those resembling the pericentral CP29 and CP26
polypeptides.
5.2. Biophysical analysis of photosystem I
Using single photon counting, Owens et al. [141]
examined £uorescence decay in barley PSI core com-
plexes (20^40 Chl/P700) and the C. reinhardtii mutant
A4D, which lacks PSII and has a 75% reduction in
LHCII. The fastest component (20 ps for isolated
PSI or 40 ps for A4D cells) accounted for 90% of
the amplitude and represents excitations in the core
antenna whose lifetime is limited by photochemical
quenching at P700. An interesting ¢nding was that the
lifetime of the fastest decay correlated linearly with
the PSI antenna size (0.63 ps/Chl), giving an inter-
cept at 3.4 þ 0.7 ps for dimeric P700. From this, they
estimated trapping and single-step transfer times of
0.2 ps; that is, transfer to P700 is not favored over
other chlorophylls. With an estimated detrapping
rate of 2.4 ps, this results in an average of about
2.4 visits to the trap before trapping, a situation
which is nearly di¡usion-limited. Another conclusion
was that the structure and dynamics of PSI from
green plants must be very similar.
In addition, slower decays were observed. The 1.5^
2 ns decay representing 4% of the decay in PSII3
LHCII3 cells and 25% in PSII3 cells is likely that
from unconnected LHCs as it resembles that from
both isolated LHCII and from C. reinhardtii mutants
that lack both PSI and PSII [142]. An intermediate
decay (350^700 ps) accounting for 10% of the ampli-
tude in PSII3 LHCII3 cells and 30% in PSII3 cells
probably represents a complex mixture of peripheral
and core antenna excitations, and its contribution to
the total decay varies highly [142]. The emission spec-
tra for the fast and intermediate components are
similar, with the intermediate one being slightly
more red-shifted in PSII3 LHCII3 cells. The 1.5^2
ns component is signi¢cantly blue-shifted in both
strains; its maximum emission is 680 nm compared
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to 690^695 nm for the fast and intermediate decays.
An in vivo PSI core antenna size of 120 chlorophyll/
P700 in strains with unaltered antennae was thus esti-
mated.
The fast £uorescence decay in PSII3 LHCII3 cells
exhibited a strong temperature-dependence of emis-
sion at 720 nm (it decreased 3-fold from 36 to 298
K), but not so strong at 680^710 nm [143]. A similar
behavior was seen in PSI particles from these cells,
although there was a stronger temperature-depend-
ence of emission at 710 nm. From this, the authors
concluded that there are 1^2 low-energy pigments
(‘red chlorophylls’) that are close to P700. It would
also appear that peripheral antenna pigments absorb
at lower wavelengths than the core antenna. Transfer
from the peripheral to core antenna as well as spec-
tral equilibration within the core antenna takes less
than 5 ps. Modelling of the excitation movement is
more consistent with a ‘random walk’ rather than a
‘funnel’ model. These researchers concluded that ex-
citations are twice as likely to be localized on the
low-energy pigments than on other pigments. Thus,
the red chlorophylls could exert a focussing e¡ect;
and transfer from them to nearby P700 would occur
via a low energy pathway, giving rise to the observed
temperature-dependence.
Hastings et al. [144] examined PSI particles from
Synechocystis PCC6803, C. reinhardtii, and spinach
using ultra-fast absorption spectroscopy. They were
able to calculate two decay-associated spectra (DAS)
from all three species. A fast decay (3.7^7.5 ps; 4.6
ps in Chlamydomonas) was associated with equilibra-
tion of excitations in the core antenna (i.e. from
shorter to longer absorption wavelengths). Note
that this result is quite complementary to the £uo-
rescence decay kinetics observed both by these same
researchers in Synechocystis membranes lacking PSII
[145] and by Fleming and co-workers [142,143] in
Chlamydomonas. The DAS of 19^24 ps (22 ps in
Chlamydomonas) has contributions both from the
trapping-limited decay of excitations and the decay
of A30 . In order to separate these two processes, they
repeated the experiments with and without an intense
pre£ash, which serves to preoxidize P700. The idea is
that antenna dynamics alone will be seen with the
‘oxidized’ PSI, as these are not a¡ected by oxidation
of P700. Thus, the ‘neutral-oxidized’ data should rep-
resent changes due solely to photochemistry. This
method was put to good use in the analysis of Syn-
echocystis membranes lacking PSII [146], where the
21-ps DAS was assigned to the A30 3A0 di¡erence
spectrum. The A03A30 spectra are similar for all
three species, with a main bleaching at 683^686
nm. However, there also appear to be contributions
from a second pigment, which they called A
0
0. The
di¡erence spectrum of this pigment is consistent with
a chlorophyll a, but it is markedly di¡erent in the
di¡erent species examined, with a bleaching maxi-
mum at ca. 686 nm in Synechocystis, ca. 670 nm in
spinach, and even more blue-shifted and di¡use in
Chlamydomonas. This pigment may be an intermedi-
ate electron acceptor or a nearby pigment whose
spectrum undergoes electrochromic shift upon reduc-
tion of A0.
5.3. Molecular genetics of photosystem I
There is a huge collection of PSI-de¢cient mutants
in Chlamydomonas. Girard et al. [147] used treatment
with various mutagens followed by £uorescence
screening to isolate 25 PSI-de¢cient mutants. The
mutations are recessive, segregate in a Mendelian
fashion, and fall into 13 complementation groups.
The fact that several complementation groups have
only one or two members indicates that this screen
was not saturated. Only two of the groups show tight
linkage, indicating that mutations a¡ecting PSI are
scattered throughout the genome. The mutants are
all missing a subset of thylakoid proteins, most of
which are enriched in PSI-110 particles. Thus, these
mutations cause a coordinated loss of all PSI poly-
peptides, suggesting the existence of an organized
substructure that requires the presence of all compo-
nents.
Seven di¡erent chloroplast mutations that result in
a PSI-de¢cient phenotype have also been described
[148,149]. By linkage analysis, they fall into four
groups. Group 1 (C3, g2^3, FUD26) is linked to
rbcL and thus is probably psaB. Group 2 mutants
have not yet been characterized. Group 3 mutants
are de¢cient in tscA [149,150], a gene that maps close
to chlN and encodes an RNA required for matura-
tion of psaA mRNA (see below). The sole group 4
mutant (C1) is leaky and expresses PSI at 10^15% of
the wild-type level [148]. All of the chloroplast mu-
tants fail to accumulate thylakoid polypeptides 2a
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and 2b (apparent molecular weight of approximately
60 kDa), although the C1 mutant contains a small
amount [151]. By pulse-labeling, polypeptide 2a was
seen to be synthesized in all mutants, except those of
group 1. In FUD26, this polypeptide was replaced by
a new one 10 kDa lower in molecular weight. When
the 3P end of psaB was sequenced in the FUD26
mutant, a 4-bp deletion was found that would cause
a frameshift and a concomitant loss of about 10
kDa. The g2^3 mutant also has a frameshift in
psaB [152]. The 2b band is not observable by pulse-
chase in any mutant except C1, where it appears
normal. From these data, the authors hypothesized
that polypeptide 2a corresponds to PsaB and 2b cor-
responds to PsaA and, furthermore, that synthesis of
PsaA is dependent upon synthesis of PsaB, but the
converse is not true.
The reason why there is such a plethora of nuclear
mutants that fail to express PSI is due to a peculiar-
ity of the psaA gene. When Ku«ck et al. [153] se-
quenced and mapped the psaA and psaB genes of
C. reinhardtii, they found that psaA is split into three
exons that are widely separated and on di¡erent
strands of the chloroplast genome, leading to the
proposal that the psaA mRNA is created by trans-
splicing the transcripts of these separate exons. This
hypothesis was tested and con¢rmed by an analysis
of PSI-de¢cient mutants; a quarter of them were
de¢cient in the maturation of the 2.7 kb psaA
mRNA, and instead accumulated transcripts of
unspliced exons [154]. Further analysis with a larger
set of mutants [38] showed that such mutants fell
into three classes: class A (exon 2^3 splicing defec-
tive), class B (no splicing at all), and class C (exon 1^
2 splicing defective). As one might expect, class B
mutations are epistatic to both class A and C muta-
tions (i.e. a class B/C double mutant resembles a
class B mutant). Five out of 13 complementation
groups from Girard-Bascou’s original set [147] are
in class C. With the addition of the new mutants,
there are ¢ve class A complementation groups (seven
members), two groups for class B (four members),
and seven groups for class C (many members). The
screen is still not at all saturated. The only chloro-
plast trans-splicing mutants are FUD3, H13, and
D42, and all a¡ect tscA, a chloroplast gene ex-
pressing an RNA required for exon 1^2 splicing
[21,155].
5.4. Structure^function analysis
With the advent of biolistic transformation of the
chloroplast, it is now possible to speci¢cally delete or
mutate genes of the PSI subunits. Takahashi et al.
[156] deleted the psaC gene after cloning and se-
quencing it. Null mutants in psaC fail to grow photo-
trophically. Although they accumulate only a small
amount (6 10%) of the PsaA/B heterodimer due to
rapid degradation of those subunits, LHCI is accu-
mulated normally. Later, Fischer et al. [137] were
able to generate point mutations in PsaC that cause
changes in the iron^sulfur centers contained therein
(see below).
Most of the site-directed mutants made so far have
been in the large chloroplast-encoded subunits PsaA
and PsaB (see Fig. 2B). These proteins are homolo-
gous to each other (ca. 50%) and are predicted to
each contain 11 transmembrane domains [157]. Lee
et al. [158] deleted 5 or 10 amino acid residues from
the C-terminus of PsaB in order to determine its
functional boundary. Although the ¢ve-residue trun-
cation mutant behaves as wild-type, the removal of
an additional 10 residues results in the loss of PSI.
This result is consistent with the hydropathy analysis
indicating that helix 11 should end with these essen-
tial ¢ve residues. Interestingly, extending PsaB by 27
residues also abolishes accumulation of PSI. When
revertants were selected from this mutant, all the
fast-growers had a shortened PsaB, with extensions
(relative to wild-type) of three, ¢ve, six, or 14 resi-
dues.
Between the hypothetical transmembrane domains
8 and 9 is a highly conserved sequence
(FPCDGPGRGGTC) believed to be involved in
the formation of the FX iron^sulfur center [132].
Webber et al. [159] introduced mutations in this re-
gion into the psaB-g2^3 frameshift mutant, changing
the ¢rst cysteine and the proline immediately before
it. The PsaB-P560A and PsaB-P560L mutants grow
photoautotrophically, accumulate PSI at wild-type
levels, and exhibit normal electron transfer rates.
However, the PsaB-C561H mutant accumulates no
detectable PSI and is non-photosynthetic. This study
further con¢rmed that PsaA is not accumulated in
the absence of PsaB. Hallahan et al. [160] made mu-
tations in the same region of PsaA, changing the ¢rst
cysteine and the aspartate immediately after it. PsaA-
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D576L accumulates lowered amounts of PSI (40^
50%), and has similar back-reaction kinetics to
wild-type, but the FA/FB EPR spectrum is altered,
indicating that the nearby FA and FB centers are
sensitive to the loss of Asp576. The PsaA-C575L
PSI complex cannot be accumulated, but the PsaA-
C575H mutant complex is present at 20^30% the
wild-type level. The FA/FB EPR spectrum was not
detectable in the PsaA-C575H mutant; however, as
the authors did not verify that PsaC was still present
in their mutant preparations, the signi¢cance of this
result is unclear. They claimed that, although the FX
EPR spectrum appeared normal in PsaA-D576L, it
was undetectable in PsaA-C575H. Thus, as one
might expect, the PSI RC is extremely sensitive to
mutation of the cysteines that serve as ligands to
the iron atoms of FX, while the residues around
them can be changed more freely.
Rodday et al. [161] had suggested, based upon
molecular modeling studies, that the interhelical FX
domain was also involved in the binding of the PsaC
subunit to the PsaA/B heterodimer. Analysis of the
PsaB-R561E mutant in Synechocystis gave support
to this idea, as it displayed impaired binding of
PsaC in vitro, although this could be somewhat alle-
viated by the presence of divalent cations [162].
However, the corresponding PsaB-R566E mutant of
C. reinhardtii is unable to accumulate detectable PSI,
nor is the PsaB-D562N mutant [163]. The PsaB-
P564L mutant accumulates normal levels of PSI
and is photoautotrophic, allowing the analysis of
this mutant along with the previously constructed
mutations in Pro560 ([159]; see above). Upon treat-
ment with 6 M urea, PsaC disassociates from the
PsaA/B heterodimer, along with the other extrinsic
subunits, and the loss of the terminal electron accept-
ors can be followed by the change in backreaction
kinetics, as P700 F
3
X (or P

700 A
3
1 ) recombines much
faster than P700 F
3
A=B [164]. PSI can be reconstituted
by addition of recombinant cyanobacterial PsaC in
the presence of FeCl3, Na2S, and 2-mercaptoethanol
[165]. However, even in the presence of saturating
amounts of PsaC (a 20:1 ratio of PsaC to PSI), the
PsaB-P560L and PsaB-P564L mutants are capable of
attaining only 16^18% reconstitution [163], with the
PsaB-P560A mutant intermediate (37%) between
them and wild-type (47%). However, the fact that
30% reconstitution of wild-type PSI could be ob-
tained by incubation with a 1:10 ratio of PsaC/PSI
is di⁄cult to explain. An analysis of the loss of slow
backreaction kinetics (i.e. loss of PsaC) after incuba-
tion with increasing amounts of urea was also con-
sistent with the idea that the interaction of PsaC with
PSI was weakened by the proline substitution mu-
tants.
Site-directed mutations that a¡ect the FA and FB
iron^sulfur centers of PsaC have now been described
in C. reinhardtii. A model for the structure of PsaC
[166], based upon the X-ray crystal structure of the
ferredoxin from Peptococcus aerogenes and sequence
similarities between PsaC and bacterial ferredoxins
containing two 4Fe^4S clusters, predicts that the
positively charged residues Lys52 and Arg53 would
be close to center FA. Fischer et al. [137] mutated
these residues to determine their e¡ect upon electron
transfer. Although the PsaC-K52P/R52D and PsaC-
K52S/R52D mutants are unable to assemble PSI, the
PsaC-K52S/R53A mutant accumulates PSI to ap-
proximately 20^30% the wild-type level. Despite
this fact, it is incapable of photoautotrophic growth
except under weak illumination (5 Wmol photons m32
s31) or anaerobic conditions. Analysis of ferredoxin
Table 1
Properties of PsaC point mutantsa
Mutation Dissociation constant
of PSI-ferredoxin interaction (WM)
Half-times of ¢rst-order rates
of ferredoxin reduction (Ws)
Second-order rate constant
of ferredoxin reduction (M31 s31)
Wild-type 6.0^9.0 6 1, 4^11 2.3 þ 0.5U108
K52S/R53A 7.3 6 1, 4^11 5.6U108
K35T s 300 not observed 4.5U107
K35D s 300 not observed 6.3U106
K35E s 300 not observed 2.8U106
K35R 4.5^6.5 6 1, 4^11 2.3 þ 0.5U108
aTaken from Fischer et al. [137,232].
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reduction by £ash spectroscopy indicated that the
PsaC-K52S/R53A mutant is normal in terms of in-
teraction with ferredoxin and kinetics of electron
transfer to it (see Table 1). Interestingly, after photo-
reduction at low temperature (15 K) the FB center is
preferentially reduced in the mutant (F3B /F
3
A = 1.9)
whereas the FA center predominates in wild-type
(F3B /F
3
A = 0.65) and in PSI from other species (see
Fig. 3C). This situation is reminiscent of the RC1
from Chlorobium limicola, where FA has a lower re-
dox potential than FB, causing FB to be preferen-
tially reduced [167]. The PsaC-like subunit in this
organism has Ser and Ala in the analogous position
[168], and thus Fischer et al. [137] suggested that
Lys52 and Arg53 of PsaC may play a role in setting
the redox potential of FA. Thus, the PsaC-K52S/
R52A mutant might share properties with bacterial
RC1 from obligatory anaerobes, perhaps explaining
its di⁄culty in driving photosynthesis during aerobic
conditions.
Recently, the search for mutations a¡ecting cofac-
tors has widened to include P700. The realization that
the reactions centers from Heliobacillus and Chloro-
bium are similar to PSI prompted a search for res-
idues conserved between these distantly related RCs.
These bacteria appear to have a single gene similar to
PsaA/B, and thus make a homodimeric RC1. Both of
these genes are predicted to encode polypeptides with
11 transmembrane K-helices, as in PsaA/B, but the
only obvious similarity between them and PsaA/B is
in the FX region. However, the fact that helix 8,
directly before the FX region, has two conserved his-
tidines led to the suggestion that these might coor-
dinate the chlorophylls of P700 or A0 [168,169]. This
was tested by mutating these conserved histidines in
PsaB [170]. While mutation of His522 or His523 to
tyrosine abolishes accumulation of the mutants
PSIs, substitution of glutamine reduces their accumu-
lation by 25 or 75%, respectively. Likewise, a change
of His523 or His530 to leucine reduces accumulation
by 88 or 50%, respectively. However, the biochemical
activities of the mutant PSIs are the same as wild-
type, nor are there any signi¢cant changes in the
visible di¡erence, ENDOR, or ESEEM spectra of
P700 in these mutants. Thus, these histidines do not
appear to be ligands to the P700 chlorophylls. Their
e¡ect upon accumulation is exerted post-translation-
ally, as the level of psaB mRNA is unchanged as well
as the level of PsaB polypeptide observed in a brief
pulse-labeling.
Webber et al. [171] then turned to helix 10, where
there is a single conserved histidine. The PsaB-
H656N mutant has a noticeably changed visible dif-
ference spectrum (P7003P700), with a slight blue shift-
ing of the maximal bleaching band from 696 to 693^
694 nm and a new bleaching band centered at 667
nm, the origin of which is unknown. The redox po-
tential of the P700/P700 couple is shifted up from 447
to 487 mV in the PsaB-H656N mutant. Finally, the
P700 ENDOR spectrum was changed: the isotropic
hyper¢ne coupling of protons at methyl group 12 is
increased (20% in PsaB-H656N and 16% in PsaB-
H656S), with no signi¢cant changes in hyper¢ne cou-
plings of methyl protons at positions 2 or 7. These
data would seem to indicate that the histidine in helix
10 is the axial ligand to P700, but other possibilities
remained. The observed e¡ects are not as dramatic as
one might expect from mutation of an axial ligand,
and they could merely indicate that the helix 10 his-
tidine is near P700 or makes a hydrogen bond to one
of the keto or ester groups of a P700 chlorophyll.
However, a recent analysis by Redding et al. [172]
lends support to the idea that the histidines of helix
10 in PsaA and PsaB are the axial ligands to P700. In
this study, all histidines conserved both in all PsaA
and PsaB polypeptides as well as between PsaA and
PsaB in the last 6 transmembrane K-helices were
changed to glutamine or leucine: this resulted in 7
sites examined in both PsaA and PsaB (two in helix
6, two in helix 7, and one each in helices 9, 10, and
11). Mutants in which the analogous (symmetry-re-
lated) histidines had been simultaneously substituted
with glutamine were examined spectroscopically for
changes in P700. None of the double mutants presents
any changes in the P7003P700 visible di¡erence spec-
trum, FTIR di¡erence spectrum, or P700 EPR spec-
trum, except for the double mutant in helix 10
(PsaA-H676Q/PsaB-H656Q), which showed changes
in all three. Examination of the single mutants in
helix 10 demonstrated that PsaB-H656Q causes the
broadening of the linewidth of the P700 EPR signal,
while PsaA-H676Q has no e¡ect. However, PsaA-
H676Q has a more obvious e¡ect upon the FTIR
di¡erence spectrum, with a 5 cm31 upshift of the
1700 cm31 band attributed to vibration of the 131
keto group in the ground state. Thus, these two stud-
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ies give complementary results in terms of examining
the two sides of P700. Mac et al. [173] have presented
ESEEM and ENDOR data on cyanobacterial PSI
labeled with 15N-histidine and concluded that histi-
dine is one of the axial ligands to P700. The X-ray
crystal structure would indicate that the last ¢ve
transmembrane K-helices form the RC part of PSI,
with the ¢rst six forming the core antenna [130,131].
As all the conserved histidines in the last six trans-
membrane K-helices have been mutated, and the only
ones that show an e¡ect are those in helix 10, we are
left with the conclusion that these histidines are the
axial ligands to the chlorophylls of P700 (see Fig. 3B
for all histidines discussed above).
Considering the above, the kinetic analysis per-
formed on the PsaB-H656N mutant by Melkozernov
et al. [174] is especially interesting. The non-decaying
di¡erence spectrum they observed, which is attrib-
uted to P7003P700, is changed by the mutation, as
was previously observed on a much longer time scale
[171]. There is no change in the A30 3A0 di¡erence
spectrum, indicating that the mutation has a local-
ized e¡ect. The mutation causes a two-fold increase
in the time constant of trapping, indicating that the
intrinsic rate of charge separation (P700*A0CP700
A30 ) has been decreased by the mutation. This was
further con¢rmed by the increase in the lifetime of
the fast decay component in picosecond-resolved £u-
orescence decay kinetics. These authors estimated an
upper limit for the charge separation times to be 1.5
ps for wild-type and 3.5 ps for the PsaB-H656N mu-
tant. This change might well be due to a shift in the
redox potential of P700*/P700, thus decreasing the
driving force of the electron transfer from P700* to
A0, although other explanations remain.
5.5. Soluble electron carriers that transfer electrons to
photosystem I
In C. reinhardtii and some other algae and cyano-
bacteria, plastocyanin and cytochrome c6 are func-
tionally interchangeable as soluble electron carriers
from reduced cyt f of the cyt b6f complex to P700
in PSI in the lumenal space of the thylakoid mem-
brane. The presence of either plastocyanin or cyto-
chrome c6 depends on the relative availability of cop-
per and iron in the culture medium [175^178]. The
importance of these carriers is revealed by the fact
that mutants that lack plastocyanin, like ac208 of C.
reinhardtii which contains a frame shift mutation in
the nuclear gene encoding plastocyanin [179], do not
grow photoautotrophically. However, if cytochrome
c6 is expressed under copper de¢cient conditions in
this mutant, it regains its ability to grow photoauto-
trophically, thus demonstrating that cytochrome c6
can fully substitute for plastocyanin.
5.5.1. Plastocyanin
Plastocyanin is a small (97^105 amino acids) blue
copper protein [180]. It is referred to as a type I
copper protein according to its spectroscopic proper-
ties (OV4900 M31 cm31 ; reviewed in [181,182]). The
three-dimensional structure of plastocyanin deter-
mined by X-ray crystallography [183^187] is an
eight-stranded, antiparallel L-barrel with a single
copper atom that is coordinated to two His, one
Cys and one Met, in a hydrophobic region near the
‘northern’ end of the molecule. Although the amino
acid sequences of plastocyanin from C. reinhardtii
(98 amino acids) and land plants are only 61% con-
served, the three dimensional structures are con-
served (0.76 Aî rms deviation in the CK positions
between the C. reinhardtii and poplar proteins
[188]). The conserved structural features include the
copper binding site, a negative patch and a £at hy-
drophobic surface. The coordination of the copper is
in a distorted tetrahedral arrangement, which is re-
£ected in a relatively high redox midpoint potential
of the CuI/CuII couple, E0P= 370 mV [180,189,190]
compared to other type I copper proteins [191]. The
hydrophobic patch is located at the ‘north’ end of
the molecule and consists of about 8 residues that are
conserved in C reinhardtii and other eukaryotic plas-
tocyanins [191]. The solvent accessible surface area of
this hydrophobic face is approximately 580 Aî 2 for
plastocyanin from C. reinhardtii [188]. His87, one of
the copper ligands, points out of this hydrophobic
face into the solvent (Fig. 4). The fact that His87 is
the only solvent-exposed copper ligand, together with
its hydrophobic environment make it a likely site for
electron transfer. The negative patch is located at the
‘east’ side of the molecule. The structural organiza-
tion of the negative residues make up a distinctive
face with a high concentration of negative charges. It
is formed by the residues Asp42, Glu43, Asp44 and
Asp53, Asp59, Glu85, that contribute to a ‘southern’
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and a ‘northern’ negative patch, respectively (Fig. 4).
The former residues are conserved in all known eu-
karyotic plastocyanin sequences (see [188]), whereas
the latter are only conserved in algal plastocyanin
structures [185,186,191]. There is strong evidence
that the £at hydrophobic surface and the negative
patch cooperate to form recognition sites for the in-
teraction with the physiological reaction partners of
plastocyanin. Site directed mutagenesis of plastocya-
nin from land plants [192^195] suggest that binding
to PSI is a ‘two-step event’, including a long-range
electrostatic interaction involving the negative
patches of plastocyanin and a docking mechanism,
which brings the £at hydrophobic surface of plasto-
cyanin in close contact with PSI, thereby allowing
e⁄cient electron transfer from copper via His87 to
P700 [193]. Electrostatic interactions are also impor-
tant for e⁄cient electron transfer between plastocya-
nin and cytochrome f as shown by studies of site-
directed mutants of C. reinhardtii (see Section 6).
Plastocyanin is encoded by a single nuclear gene in
C. reinhardtii containing one intron [179]. The pre-
cursor has a two domain transit sequence that is
required for correct targeting of plastocyanin to the
lumen of the thylakoid membrane. Association of the
metal cofactor occurs after the proteolytic processing
of the plastocyanin precursor [196,197].
5.5.2. Cytochrome c6
Cytochrome c6 from C. reinhardtii is a small c-type
cytochrome of 90 amino acids [198], that appears to
have an unusually low apparent molecular mass of
about 5 kDa on SDS-PAGE [178]. It is the ¢rst class-
1 c-type cytochrome whose molecular structure has
been determined to 1.9 Aî resolution [199]. The over-
all structure consists of a series of K-helices and turns
that surround the heme prosthetic group. A stretch
of highly conserved residues among c6-type cyto-
chromes form a short two stranded anti-parallel
L-sheet in the vicinity of the methionine which acts
as axial ligand to the heme. The heme is covalently
bound to the protein through thioether linkages be-
tween the sulfur atoms of cysteine residues 14 and 17
and the heme prosthetic group. The axial ligands to
the heme are His18 and Met60. The heme prosthetic
group is buried in the protein interior, while the pro-
pionate D oxygen atoms are exposed to the solvent
(Fig. 4). The area around the heme is almost non-
polar, which results in a hydrophobic ‘northern’ face
of the molecule, comparable to that of plastocyanin
Fig. 4. Distribution of positive (blue) and negative (red) residues on the surface of plastocyanin [186] and cytochrome c6 [199] from
C. reinhardtii. Solvent exposed His87 of plastocyanin and the heme prosthetic group of cytochrome c6 are shown in white and yellow,
respectively. Rasmol 2.6 was used for graphical presentation of these structures.
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(see above). However, in contrast to plastocyanin,
cytochrome c6 possesses a positively charged Arg
residue at position 66, which points out of the
‘northern’ face into the solvent (Fig. 4). Cytochrome
c6 has a redox potential at 370 mV [200], which is
similar to that of plastocyanin, but relatively high
compared to that of mitochondrial c-type cyto-
chromes [201]. Three negative amino acids at posi-
tion 69^71 (three Glu in C. reinhardtii) are conserved
amongst cytochrome c6 sequences in green algae
[199]. These three negative residues are clustered at
the ‘east’ side of the molecule (Fig. 4). Although
cytochrome c6 and plastocyanin have di¡erent pri-
mary structures and carry distinct redox cofactors,
it appears that the distribution of acidic patches
and hydrophobic surfaces are similar [186,199].
This may imply that they also interact with their
physiological reaction partners in a similar way (see
below).
Cytochrome c6 is encoded by a single nuclear gene
in C. reinhardtii containing two introns [202]. As for
plastocyanin, the precursor protein contains a bipar-
tite transit sequence typical of lumenal proteins [198].
It is thought that holocytochrome c6 is formed by the
ligation of the heme to the cysteinyl thiols after the
translocation of apoprecytochrome c6 into the lume-
nal space and proteolytic processing of the prepro-
tein [203].
5.5.3. Regulation of the expression of plastocyanin
and cytochrome c6 genes by copper
C. reinhardtii cells respond to the availability of
copper in the medium and accumulate either plasto-
cyanin or cytochrome c6 [178]. The gene encoding
plastocyanin is constitutively transcribed independ-
ent of the copper concentration in the medium, but
apoplastocyanin is rapidly degraded, in the absence
of copper [178,204]. Transcription of the gene encod-
ing cytochrome c6 is initiated below a threshold level
of copper and increases as Cu2 decreases such as
the total sum of plastocyanin and cytochrome c6 per
cell remains constant [205]. Expression of the cyto-
chrome c6 gene is maximal when the copper concen-
tration in the medium is lower than 3 nM, but it is
totally repressed 3^4 h after addition of copper [206].
The regulation of the copper responsive expression
occurs at the level of transcription and the underly-
ing mechanism involves two distinct elements in the
5P upstream region of the cytochrome c6 gene. These
elements act as targets for transcriptional activators,
which induce cytchrome c6 transcription in the ab-
sence of copper [207]. Interestingly, one out of ¢ve
plastocyanin-de¢cient mutants obtained after UV-
mutagenesis accumulates apoplastocyanin at the ex-
pense of holoplastocyanin, indicating the existence of
a new locus whose function is required for normal
holoplastocyanin accumulation [208].
5.5.4. Electron transfer between plastocyanin/
cytochrome c6 and PSI
Measurements of the second-order electron trans-
fer rate constants between PSI and plastocyanin or
cytochrome c6 from C. reinhardtii in vitro revealed
values of 6.5U107 M31 s31 and 3.5U107 M31 s31,
respectively [138]. At high concentrations of both
donor proteins, P700 is reduced with ¢rst-order ki-
netics and a half-time of 3 Ws [138]. In whole cells
of the unicellular alga Chlorella the half-time of fast
electron transfer between plastocyanin and PSI was
estimated to be 4 Ws [209]. It thus appears that PSI
from C. reinhardtii allows fast electron transfer from
both electron donors, which indicates that they are
also interchangeable at the molecular level.
A ¢rst-order phase with a half-time of 8 Ws was
also detected for electron transfer from cytochrome
c6 to P700 in the green alga Monoraphidium braunii,
whereas no ¢rst-order Ws phase could be detected
when plastocyanin was the electron donor [210].
Results of crosslinking, using PSI particles from
land plants or cyanobacteria, suggest that the PsaF
subunit is involved in docking of plastocyanin and
cytochrome c6 to the PSI complex [211^213]. How-
ever, the speci¢c deletion of the psaF gene in cyano-
bacteria did not a¡ect photoautotrophic growth [214]
and the in vivo measured electron transfer rate be-
tween cytochrome c6 and PSI was the same as in
wild-type [215]. The electron transfer reaction be-
tween plastocyanin and P700 was shown to be con-
siderably reduced within whole cells of the 3bF strain
of C. reinhardtii which lacks the psaF gene [34]. The
second-order rate constants of the electron transfer
between PSI isolated from the PsaF-de¢cient mutant
and plastocyanin or cytochrome c6 are one to two
orders of magnitude lower compared to those ob-
tained with PSI from wild-type ([138]; see Fig. 5).
Plastocyanin and cytochrome c6 can be speci¢cally
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crosslinked to PsaF, using PSI particles isolated from
a wild-type strain of C. reinhardtii, whereas no cross-
linking product is obtained when PSI particles lack-
ing PsaF are used. Furthermore, cytochrome c6
crosslinked to PSI reduces P700 with a half-time of
3 Ws, which is similar to the half-time observed with
the authentic cytochrome c6^PSI complex (see
above), indicating that crosslinking does not signi¢-
cantly perturb the conformation of the authentic
complex [138]. The conformation of the crosslinked
and the authentic plastocyanin^PSI complex from
spinach appears also to be similar based on the fast
kinetics of reduction of P700 with a half-time of
13^15 Ws observed in both cases [213]. These data
demonstrate that the PsaF subunit of PSI in C. rein-
hardtii is required for fast electron transfer between
plastocanin/cytochrome c6 and P700.
5.5.5. Donor side of photosystem I
According to the three-dimensional structure of
PSI from the cyanobacterium Synechococcus sp.
that has been determined by X-ray crystallography
to a resolution of 4 Aî [130,131], P700 of PSI is local-
ized near the lumenal surface of the thylakoid mem-
brane and is therefore accessible to the lumenal elec-
Fig. 5. Electron transfer from plastocyanin or cytochrome c6 to P700 of wild-type or PsaF-de¢cient PSI. Absorbance transients at 820
nm induced by a laser £ash in PSI-particles from wild-type (A,C) or PsaF-de¢cient mutant (B,D) in the presence of 5 WM plastocya-
nin (A,B) or 5 WM cytochrome c6 (C,D). Taken from [138] with permission.
Fig. 6. K-Helical wheel representation of the N-terminal region
of the PsaF subunit. Residues conserved between C. reinhardtii
and Spinacia oleracea are shown in unframed letters.
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tron donor proteins plastocyanin and cytochrome c6.
A value of 445 mV has been determined for the re-
dox midpoint potential of the couple P700/P700 in C.
reinhardtii [216], which is about 30 mV lower than
the value determined in spinach [217,218].
The psaF gene is nuclear encoded and is inter-
rupted by three introns in C. reinhardtii [34]. The
precursor has a two-domain transit sequence that
directs PsaF to the lumen of the thylakoid membrane
[219]. This lumenal subunit at the oxidizing side of
PSI is required for e⁄cient electron transfer from
plastocyanin and cytochrome c6 to P700 (see Section
5.5.4). Mass-spectroscopic analysis of tryptic pepti-
des of plastocyanin and of the crosslinked product
of plastocyanin and PsaF from spinach revealed that
the PsaF subunit appears to be crosslinked with one
of its N-terminal Lys residues to the conserved acidic
amino acids 42^44 and 59^61 of plastocyanin [195].
This region close to the N-terminal end of PsaF
could form an amphipathic K-helix, whose positively
charged face may interact with plastocyanin ([195],
Fig. 6). Since this positively charged N-terminal do-
main is absent from PsaF of cyanobacteria it was
suggested that this motif evolved for binding plasto-
cyanin to PSI in a way which leads to the formation
of a stable complex at a low concentration of the
electron transfer donor, competent for fast electron
transfer. Comparison of the N-terminal amino acid
sequence of PsaF from spinach and C. reinhardtii
reveals that lysines 12, 16, 19, 23 and 30 are con-
served between both organisms. Using nuclear trans-
formation of the PsaF-de¢cient mutant and site di-
rected mutagenesis, modi¢ed PsaF was expressed and
the PSI particles containing the altered protein were
analyzed. Four lysine residues in the N-terminal do-
main of PsaF were altered to K12P, K16Q, K23Q
and K30Q and the interactions between plastocyanin
or cytochrome c6 and PSI isolated from wild-type
and the di¡erent 3bF transformants were investi-
gated using crosslinking techniques and £ash absorp-
tion spectroscopy. Whereas the change K12P had
almost no e¡ect on binding and electron transfer
from plastocyanin or cytochrome c6 to PSI, the
change of K23Q a¡ects crosslinking of plastocyanin
to PSI and electron transfer from plastocyanin and
cytochrome c6 to PSI drastically. The corresponding
electron transfer rate constants for both donors are
reduced by almost one order of magnitude. A less
e⁄cient electron transfer was also observed from
plastocyanin and cytochrome c6 to PSI isolated
from the 3bF transformants K16Q and K30Q,
although these changes were 2- or 3-fold lower, re-
spectively, than with PSI from the K23Q transform-
ant. None of the mutations a¡ected the half-life of
the Ws electron transfer performed within the inter-
molecular complex between the donors and PSI.
These results indicate that the N-terminal domain
of PsaF plays an important role in binding of both
electron donors and suggest the existence of a rather
precise recognition site for plastocyanin as well as for
cytochrome c6 that allows e⁄cient electron donation
to PSI [220].
5.6. Role of ferredoxin as electron acceptor of
photosystem I
Ferredoxin is an iron^sulfur cluster containing
protein that is involved in numerous electron transfer
reactions. It plays an important role in photosyn-
thetic organisms since it is involved in NADP photo-
reduction [221]. In addition, it provides reducing
power to several enzymes, such as nitrite reductase,
sul¢te reductase, glutamate synthase as well as for
lipid biosynthesis and for light regulation of chloro-
plastic enzymes [222]. Ferredoxin from C. reinhardtii
has a visible spectrum comparable to that of land
plants, with maxima at 330, 420 and 465 nm
[200,223]. The circular dichroism (CD) spectrum of
oxidized ferredoxin [223] and the EPR spectrum of
reduced ferredoxin, with g-values of 2.060, 1.970 and
1.893, indicate that the C. reinhardtii enzyme belongs
to (2Fe^2S) plant-type ferredoxin [224]. Measure-
ments of the rate of NADP photoreduction with
pea thylakoids and ferredoxin from spinach and C.
reinhardtii revealed that the algal ferredoxin is four
times slower than its land plant homolog [223]. The
enzymatic activity of isolated ferredoxin-NADP re-
ductase from C. reinhardtii or from spinach in the
ferredoxin-dependent reduction of cytochrome c
exhibited similar activities with Km and kcat values
of 0.8 mM and 12^13 s31, respectively [225]. The
interaction between ferredoxin and PSI from C. rein-
hardtii was studied by £ash induced spectroscopy.
The reduction kinetics of ferredoxin by PSI are com-
plex, with a submicrosecond and milliseconds ¢rst-
order reduction phase and a following second-order
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reduction phase [137], which is comparable to the
analogous system in Synechocystis 6803 [226].
Ferredoxin is nuclear encoded in C. reinhardtii. Its
cDNA sequence encodes a 126 amino acid precursor
[227], consisting of the mature protein (94 amino
acids with a molecular mass of 9908 Da) and a 32-
amino acid transit peptide, that directs ferredoxin to
the stroma of the chloroplast [223]. C. reinhardtii
ferredoxin contains six cysteine residues. Four con-
served cysteines, 37, 42, 45 and 75, are involved in
binding the two iron atoms of the cluster [223,228].
Ferredoxin from C. reinhardtii has an excess of
7 negatively charged amino acids and therefore a
net charge of 37. Two Glu residues at the C-termi-
nus are conserved in the sequences of land plants,
cyanobacteria and other green algae. Site directed
mutagenesis and crosslinking results suggest that
these residues play an important role in binding
and electron transfer to ferredoxin-thioredoxin re-
ductase [229], to FNR [230] and to the PsaD subunit
of PSI [231].
Recent work on C. reinhardtii indicates that the
PsaC subunit of PSI plays a crucial role in the bind-
ing of ferredoxin to the stromal side of PSI. In vivo
degenerate oligonucleotide-directed mutagenesis of
an internal loop of PsaC which is absent from two
(4Fe^4S) ferredoxins identi¢ed K35 as a key interac-
tion site between PSI and ferredoxin [232] (see Fig.
3A). This is based on the observation that the site
directed mutations K35T, K35D and K35E drastically
a¡ect electron transfer from PSI to ferredoxin as
measured by £ash-absorption spectroscopy, whereas
the K35R change has no e¡ect on ferredoxin reduc-
tion (see Table 1). Chemical crosslinking experiments
show that ferredoxin interacts not only with PsaD
and PsaE, but also with the PsaC subunit of PSI.
Replacement of K35 by T, D, E or R abolishes fer-
redoxin crosslinking to PsaC and crosslinking to
PsaD and PsaE is reduced in the K35T, K35D and
K35E mutants. The results of [232] show that PsaC
provides an important residue for electrostatic inter-
action with ferredoxin to bring these two proteins in
close contact for fast electron transfer between the
terminal electron acceptors (FA ; FB) and the iron^
sulfur cluster of ferredoxin.
6. The cytochrome b6f complex
The cytochrome b6f complex mediates electron
transfer between the PSII and PSI reaction centers
in the thylakoid membranes of chloroplasts. It is a
large multimeric integral membrane protein complex
that oxidizes plastoquinol and reduces plastocyanin
or cytochrome c6 and participates in the establish-
ment of the protonmotive force used for the gener-
ation of ATP.
6.1. Structure of the cytochrome b6f complex
6.1.1. Subunit composition and cofactor binding
Puri¢cation and analysis of the b6f complex from
Fig. 7. Topology of the cytochrome b6f subunits in the thylakoid membrane. N- and C-termini are indicated by N and C, encircled H
and C stand for amino acids histidine and cysteine, HP and LP for high-potential and low-potential heme cyt b6, respectively, and Qo
and Qi indicate the sites for quinone oxidation and reduction, respectively. The bars stand for heme. The putative transmembrane N-
terminal K-helix of the Rieske protein with the N-terminus at the stromal surface of the thylakoid membrane is shown in dashed lines.
Chloroplast-encoded subunits are in open rectangles, whereas nucleus-encoded subunits are in shaded rectangles.
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C. reinhardtii revealed that its high molecular
mass subunits are very similar to their counterparts
in land plants [233^235]. More recently, a new pu-
ri¢cation method of the b6f complex has revealed
the existence of three additional small molecular
weight subunits. With a turnover rate of 250^300
s31 the cyt b6f complex isolated by this method
has the highest measured rate of electron transfer
from decylplastoquinol to plastocyanin [236]. Its ac-
tivity is 3^4-fold higher than the electron transfer
rates reported for isolated cyt b6f complexes from
spinach [237,238]. N-Terminal amino acid sequenc-
ing and Western blot analysis revealed that the pu-
ri¢ed complex contains seven subunits, which are
present in stoichiometric amounts as determined
by 14C labeling experiments [236]: cytochrome f
(petA gene product), cytochrome b6 (petB gene
product), subunit IV (petD gene product) and the
Rieske iron sulfur protein (petC gene product) and
three low molecular weight subunits: PetG (petG
gene product), PetL (petL gene product), and
PetM (petM gene product). The Rieske iron^sulfur
protein and the PetM protein are nuclear-encoded,
whereas the other subunits are chloroplast-encoded
(Fig. 7).
Cytochrome f from C. reinhardtii with a molecular
mass of 31.8 kDa calculated from its amino acid
sequence [239,240] has a redox midpoint potential
of 330 mV, slightly lower than that from spinach
measured to be 350^370 mV [241,242]. Its K-band
absorbance maximum at 554 nm is comparable to
that of spinach cytochrome f at 554.5 nm [237]. A
soluble redox-active 252 residue fragment of cyt f
from turnip was crystallized and its structure deter-
mined at a resolution of 2.3 Aî [243]. The polypeptide
is organized into a large and small domain in which
L structures are dominant. The axial ligands of the
heme are His25 and the N-terminal amino group of
the polypeptide [243]; for review see [244]. The se-
quence identity between the domains of turnip cyt f,
seen in the crystal structure, and that of C. reinhard-
tii is 82%. A change of a charged amino acid in the
predicted plastocyanin binding region (see [244]) is
compensated in the sequence of C. reinhardtii, so
that the structures of land plant cyt f and of C.
reinhardtii are believed to be very similar. The ma-
ture cyt f has been proposed to have one transmem-
brane K-helix [245] with most of the polypeptide and
the heme localized in the lumenal space of the thy-
lakoid membrane.
Cyt b6 with a molecular mass of 25.4 kDa [239]
binds two b-hemes, bH and bL with redox midpoint
potentials of 384 mV and 3158 mV, respectively.
The di¡erence in the K-band maxima of the two b-
hemes was reported to be 0.6 nm (bH = 564 nm;
bL = 563.4 nm) in whole cells of Chlorella [246] and
1.8 nm (bH = 563.2 nm; bL = 565 nm) in spinach thy-
lakoids [247]. Cytochrome b6 from C. reinhardtii and
tobacco are 89% identical [239]. The bis-histidine co-
ordination of the two hemes is mediated by four His
that are conserved in all cytochrome b6 sequences
available in the data bank. The two hemes are bound
near each side of the membrane bilayer by the
K-helices B and D, that are proposed together with
two other K-helices (A and C) to be transmembrane
domains (for review see [242]). Transmembrane
K-helices bridged by heme have been proposed
[248] and documented for mitochondrial cytochrome
b polypeptides, since the molecular structure of the
bc complex from beef-heart mitochondria is deter-
mined to 2.9 Aî [249]. It appears to represent a com-
mon structural motif, since the K-hemes within the
cytochrome oxidase, whose crystal structure is
solved, are bound in a similar way [250,251]. In the
FUD2 mutant of C. reinhardtii, a 12 amino acid
duplication in the cd loop of cyt b (due to a 36
base pair duplication in the petB gene) leads to less
e⁄cient binding of the Rieske protein to the cyt b6f
complex and to increased degradation of the complex
in aging cells [252].
The genes for cyt b6 and subunit IV, petB and
petD, are separated on the chloroplast genome of
C. reinhardtii [239]. Both proteins appear to have
partial homology. The degree of pseudo-identity of
13 b6 and 16 subunit IV sequences is 79 and 63%,
respectively [253]. The partial homology with a
stretch of amino acids derived from the C-terminal
sequence of cyt b from the mitochondrial bc1 com-
plex [254] was taken as evidence that subunit IV
contains three transmembrane K-helices. The amino
acid sequence of subunit IV of C. reinhardtii is highly
conserved when compared with those from land
plants (81%, [239]). However, in contrast to land
plants it has a 21-residue N-terminal extension, re-
sulting in a molecular mass of 17.4 kDa. Subunit IV
from the isolated cyt b6f complex of spinach could be
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photoa⁄nity-labeled with a quinone derivative, thus
suggesting a role in quinone binding [255].
The fourth high molecular weight subunit of the
cyt b6f complex is the Rieske iron^sulfur protein. The
sequence of the nuclear gene, petC from C. rein-
hardtii, which is interrupted by four introns within
the coding sequence, predicts a precursor protein of
206 amino acids with a transit peptide of 29 amino
acids, resulting in a molecular mass of 18.6 kDa for
the mature protein [256]. In vitro import studies of
chimeric Rieske protein constructs into isolated pea
chloroplasts indicated that the thylakoid targeting
information is located within the N-terminal hydro-
phobic region of the mature protein [257]. The se-
quences CTHLGC and CPCHG near the C-termi-
nus, thought to be putative ligands for the iron^
sulfur clusters are conserved in other Rieske proteins.
The crystal structure of the chloroplast Rieske pro-
tein revealed that ligands of the 2Fe^2S cluster are
two Cys and two His [258], which was already indi-
cated by spectroscopic data and mutagenesis experi-
ments [259]. C. reinhardtii Rieske protein contains a
hydrophobic segment of 25 residues near the N-ter-
minus that is followed by a glycine rich-non-polar
region, which is conserved along other chloroplast
Rieske proteins [256]. The recent crystallization of
bc1 complexes from mitochondria of di¡erent species
and the determination of its molecular structure in-
dicate that the Rieske protein has a transmembrane
segment at its N-terminus [249] [260]. However, bio-
chemical results led to the conclusion that the Rieske
protein is an extrinsic subunit of the cyt b6f complex
from C. reinhardtii, based on the fact that the Rieske
protein can be extracted from the membrane with
chaotropic agents and that this protein is unable to
interact with detergent micelles as transmembrane
protein segments do [261]. Further progress on crys-
tallization and resolution of the structure of the cyt
b6f complex will clarify this issue.
The PetG polypeptide was ¢rst reported to copur-
ify with the cyt b6f complex from spinach [262]. It
was also found in preparations of the complex from
C. reinhardtii [235,236]. The sequence and location of
petG in the chloroplast genome of C. reinhardtii was
¢rst reported by Fong and Surzycki [263]. The amino
acid sequence identity between PetG from C. rein-
hardtii and land plants is 70% [262,264]. The amino
acid sequence predicts a hydrophobic protein with a
molecular mass of 4 kDa [264]. Deletion of the petG
gene in C. reinhardtii produced strains that are un-
able to grow photoautotrophically and accumulate
markedly reduced levels of the major cyt b6f subunits
[264], indicating that the protein is either needed for
assembly or stability of the cyt b6f complex in C.
reinhardtii.
A second small hydrophobic protein PetM has
been identi¢ed in the puri¢ed cyt b6f complex of C.
reinhardtii [235,236]. It is encoded by the nuclear
gene petM, which predicts a polypeptide of 39 amino
acids with a molecular mass of 4 kDa [265,266]. The
deduced amino acid sequence of the precursor in-
cludes an N-terminal transit peptide of 60 amino
acids that has stromal targeting features [265].
From proteolytic data and charge distribution of
the amino acid sequence it is suggested that the N-
terminus of PetM is lumenal [265].
The existence of a third small molecular weight
hydrophobic subunit of the cyt b6f complex, PetL,
was derived from chloroplast reverse genetics in C.
reinhardtii [267]. The 3.4-kDa PetL protein, which
contains a potential transmembrane K-helix had es-
caped biochemical detection in earlier experiments.
This protein was shown to copurify with the cyt
b6f complex of C. reinhardtii [236^267. The inactiva-
tion of the petL gene in C. reinhardtii revealed: (1)
that the Rieske protein is selectively lost after isola-
tion of the cyt b6f complex from the petL-less mu-
tant; (2) that the in vivo stability of the cyt b6f com-
plex is impaired; and (3) that the in vivo electron
transfer through the complex is slowed, indicating
that the petL gene product is an authentic subunit
of the cyt b6f complex [267].
An additional polypeptide with an apparent mo-
lecular weight of 19.5 kDa was found to copurify
with the cyt b6f complex from C. reinhardtii [233].
However, this protein is not present in the highly
active cyt b6f complex puri¢ed by Pierre et al.
[236]. It is therefore not clear whether the 19.5-kDa
protein is a loosely associated authentic subunit of
the cyt b6f complex from C. reinhardtii.
The existence of a ¢fth electron carrier, named ‘G’,
which is in equilibrium with cyt bH from the cyt b6f
complex has been proposed in unicellular algae such
as Chlorella and C. reinhardtii [268], but not in
chloroplasts from land plants [246]. Its di¡erence
spectrum, obtained from whole cells of Chlorella
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suggests that it is a cytochrome cP [246]. This protein
was not found to copurify with the isolated cyt b6f
complex [233,235,236]. Its possible role is discussed.
6.1.2. Chlorophyll a and carotenoids
The isolated cyt b6f complex of C. reinhardtii was
found to contain chlorophyll a and carotenoids as
revealed by absorbance peaks at 667^668 nm and
460 and 483 nm, respectively [236]. As found for
cyt b6f preparations from Synechocystis PCC6803
[269] and spinach [237,270], the molar ratio of Chl
a to cyt f is close to 1 [271]. Further evidence for the
presence of a chlorophyll molecule in the cyt b6f
complex came from £ash spectroscopy, where a red
electrochromic shift (isobestic point around 669 nm)
that occurred upon electron transfer at the Qo site
was attributed to a cyt b6f complex bound chloro-
phyll molecule [272]. Resonance Raman spectro-
scopy of the isolated cyt b6f complex from C. rein-
hardtii revealed that the chlorophyll is bound to the
complex at a speci¢c site [273]. Speci¢c binding is
also supported by the fact that free 3H/Chl a added
to C. reinhardtii thylakoid membranes at the time of
solubilization does not associate with the cyt b6f
complex and that the rate of exchange of Chl bound
to the cyt b6f complex for free 3H/Chl a in isolated
cyt b6f complexes is slow [273]. Interestingly, the cyt
b6f complex does not accumulate in a light-grown
mutant strain of C. reinhardtii de¢cient in light-inde-
pendent chlorophyll synthesis [273].
6.1.3. Dimeric structure
Molecular weight determination [274] and stoichi-
ometry measurements [236] of the puri¢ed cyt b6f
complex from C. reinhardtii revealed that it is a
dimer with a molecular mass of 310 þ 46 kDa, in
agreement with the value of 373 þ 28 kDa calculated
for a dimer, taking into account two copies of each
subunit, 36 lipids, 260 molecules of detergent and
two chlorophylls [275]. Electron microscopy and im-
age analysis of two dimensional crystals of the cyt b6f
complex showed optical di¡raction peaks up to 10 Aî
and a calculated projection map at 8 Aî resolution
which supported the presence of cyt b6f dimers
[276] (see Fig. 8). PetL appears to be required for
dimer formation [275]. The fact that the Rieske pro-
tein is lost during preparations of the b6f complexes
from petL-de¢cient mutants could be explained by
monomerization of the b6f complexes, since dimeri-
zation appears to stabilize the Rieske protein
through contacts with both cyt b subunits in the
dimer as revealed by the crystal structure of the cyt
bc1 complex [260].
6.2. Electron transfer and proton translocation in the
cyt b6f complex: Q-cycle versus semiquinone
cycle
Electron transfer and proton translocation in the
cyt b6f complex are not fully understood. Two mod-
els have been proposed for these processes, the Q-
cycle [277], as modi¢ed by Crofts et al. [278] and the
semiquinone cycle [279]. Both models postulate the
existence of two electron transfer chains operating in
the cyt b6f complex: the plastoquinol^Rieske^cyt f
high potential chain and the plastoquinol cyt bL^
cyt bH low potential chain (Fig. 9). These models
also assume that the cyt b6f complex contains a site
for plastoquinol oxidation, Qo, near the lumenal side
of the thylakoid membrane and a site for plastoqui-
Fig. 8. Calculated projection map at 8 Aî resolution derived
from electron microscopy and image analysis of two dimension-
al crystals of the cyt b6f complex from C. reinhardtii support
the presence of cyt b6f dimers. The main densities are numbered
from I to IV; G stands for the central groove. The assumed
positions of the extramembrane part of cytochrome f and the
Rieske protein are indicated. Taken from [276] with permission.
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none reduction, Qi, near the stromal side of the
membrane. In addition a protein factor ‘G’ has
been proposed to be in equilibrium with cytochrome
bH in green algae (see above; Fig. 9, 1, [246]).
According to the Q-cycle model, the oxidation of
plastoquinol at the Qo site occurs through a con-
certed reduction of cyt bL and the Rieske Fe^S center
and a subsequent rapid reduction of cyt bH accom-
panied by the release of two protons on the lumenal
side (Fig. 9, 2). Reduction of plastocyanin releases
the electron from the high potential chain (Fig. 9, 3).
Oxidation of a second plastoquinol at Qo leads to
reduction of both cyt bL and cyt bH and the
Rieske^cyt f high potential chain (Fig. 9, 4). Plasto-
quinone is then reduced at the Qi site by oxidation of
cyt bL and cyt bH thereby creating an electrogenic
electron transfer from Qo to Qi (Fig. 9, 5). In this
scheme the reduction of plastoquinone at Qi requires
two consecutive turnovers of the cyt b6f complex.
Support for the Q-cycle has arisen from the study
of £ash-induced electrochromic absorbance changes
at 515 nm in dark-adapted cells, which provide a
measure of the thylakoid membrane potential
changes [280,281]. Under reducing conditions a short
£ash induces a fast increase of the membrane poten-
tial (phase a, t1=26 1 Ws) that is associated with the
charge separation within the PSI reaction center and
a slow increase in the ms-range (phase b) [281,282].
In isolated chloroplasts, this slow electrogenic phase
could be correlated with turnover of the cyt b6f com-
plex [283,284]). Evidence that it represents an electro-
genic electron transfer from Qo to Qi is based on the
observation that under repetitive-£ash illumination
in Chlorella in the presence of the Qi inhibitor
NQNO, only photoreduction, but not photooxida-
tion of cyt b occurs [285], as also reported for cyt
b6f complexes from land plants [286]. Other inhibi-
tors of Qo, like DNP-INT, inhibit the electrogenic
phase b [287]; see [242], for comparable e¡ects of
inhibitors DBMIB, UHDBT, sigmatellin). However,
it is not yet clear whether phase b is indeed due to
interheme electron transfer or to transfer of protons
to the lumenal side of the membrane (see [244]).
The H/e3 ratio for cyt b6f complex in energized
thylakoid membrane is a matter of discussion, since
the extra redox loop of the Q-cycle should produce a
Fig. 9. Comparison of Q-cycle (steps 1^6) and semiquinone-cycle (steps 4P^6P) models as possible mechanism of charge translocation
in the b6f complex. See discussion in text. Adapted from [290].
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H/e3 ratio greater than one for the electron transfer
from PSII to PSI. However, as pointed out by [244]
the H/e3 ratio is not a proof for an operating Q-
cycle, since the mammalian cytochrome c oxidase
pumps protons and electrons with a H/e3 ratio of
2 without a Q-cycle.
The concerted oxidation of a plastoquinol mole-
cule at the Qo site by oxidized Rieske iron^sulfur
center and oxidized cyt b could be demonstrated in
spinach thylakoids at high ambient redox potential
by the fact that the reduction of these two electron
carriers occurs with similar kinetics (6^10 ms) after
£ash excitation [288]. The binding constant of plas-
toquinol to the Qo site was estimated at 2U104 M31
based on duroquinone/plastoquinone competition ex-
periments with isolated spinach thylakoids [241]. A
similar value was estimated under in vivo conditions
in C. reinhardtii by comparing the measured and cal-
culated oxidation rate at the Qo site in wild-type and
the FUD2 mutant [252]. In the FUD2 mutant, the
oxidation rate at the Qo site was found to be 100
times lower than in wild-type cells, which resulted
in an 8-fold reduction of the electron transfer
through the cyt b6f complexes. The equilibrium con-
stant for the concerted oxidation of plastoquinol was
calculated and experimentally determined to be 10 in
spinach [288]. Similar calculations result in an equi-
librium constant that is near unity in C. reinhardtii,
since the midpoint potentials of the cyt f/cyt f and
cyt bH/cyt bH couples are found to be 20^30 mV
lower in C. reinhardtii than in spinach [236,247].
However, since the di¡erence of redox midpoint po-
tential between cyt f and plastocyanin (Em = 360 mV,
[180]) is 30 mV in C. reinhardtii and the in vivo rate
of electron transfer between cyt f and PSI is much
faster than the limiting step of electron transfer be-
tween PSII and PSI [282], the driving force for the
concerted oxidation of plastoquinol will further in-
crease. In green algae, the hemoprotein ‘G’ is sug-
gested to be in equilibrium with the low potential
chain with a midpoint potential about 20^30 mV
higher than that of cyt bH [246,268]. The electron
transfer between ‘G’ and cyt bH would further in-
crease the di¡erence in the standard electrochemical
potential. This consideration is supported by the fact
that the reduction of cyt b is faster in the presence of
‘G’ than in its absence in Chlorella [246].
The mechanism of plastoquinone reduction at the
Qi site is unclear. The fact that the rate of cyt b
oxidation after a single £ash is greater than the
rate-limiting step of linear electron transfer (reviewed
in [244]) led to a model where plastoquinone reduc-
tion occurs by a concerted oxidation of both b-
hemes, assuming that single reduced cyt bH is stable
[288,289].
The semiquinone cycle model [279] proposes that
after the ¢rst concerted oxidation of plastoquinol at
Qo, the second plastoquinol is oxidized by the high
potential chain after oxidation of cyt f by plastocya-
nin (Fig. 9, 4P). The plastosemiquinone radical is
then transferred to Qi, where it oxidizes cyt bH
(Fig. 9, 5P). Interestingly, the crystal structure of
the cytochrome bc1 complex reveals an internal hy-
drophilic cavity within the dimeric structure [249],
which could form a channel for guiding the charged
semiquinone from site Qo to site Qi. Evidence for the
electrogenic transfer of a plastosemiquinone radical
is based on the fact that under reducing conditions,
when the plastoquinol pool is expected to be fully
reduced, the slow electrochromic phase b (t1=2V
3 ms) precedes the photooxidation of cyt b in Chlo-
rella and C. reinhardtii [290,291]. In contrast, the
Q-cycle model predicts a lag of phase b, because
the reduction of cyt bL has to precede the reduction
of plastoquinone at Qi which gives rise to the electro-
genic step. The slow electrogenic phase b becomes
biphasic in the presence of NQNO, the fast phase
is insensitive to the inhibitor and is associated with
cyt b reduction, while the second phase is dependent
upon the inhibitor concentration and is related to cyt
b oxidation [285]. Under conditions where a C. rein-
hardtii mutant CC-1729 lacks plastocyanin and cyto-
chrome c6 (grown at 31‡C) only a fast Ws electro-
chromic signal is observed under fully reducing
conditions in the presence of HQNO, proving that
the slow electrogenic phase originates from the cyt
b6f complex [291]. However, NQNO inhibits phase b
by about 60% [290] and diminishes the ratio R be-
tween the initial rate of phase b and of cyt b reduc-
tion compared to measurements without inhibitor.
This is interpreted in favor for the semiquinone cycle
since NQNO binds to site Qi, which would prevent
the transmembrane movement of the plastosemiqui-
none and therefore diminish phase b that now results
exclusively from the reduction of cyt b. The SQ-cycle
could function as an initiation reaction under highly
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reducing conditions to allow a Q-cycle mechanism to
continue. Since the isolated cyt b6f complex is active
as a dimer, one could also consider the possibility
that two plastosemiquinones are produced at Qo
site of a functional dimer, then disproportionate so
that the quinone formed could start a Q-cycle at the
Qi site. However, the fact that the maximum ampli-
tude of phase b is reached under reducing conditions
in Chlorella when only 10% of PSI centers are hit by
a £ash does not support a mechanism of this sort
[290].
Experimental evidence against the SQ-cycle has
arisen from work with spinach thylakoids. Under
reducing conditions measurements of fast rereduc-
tion of cyt bH at 563 nm after £ashes of low inten-
sities revealed that a signi¢cant fraction of cyt bH
was oxidized [292]. The authors propose a ‘chain
reaction’ type model to explain the turnover of the
cyt b6f complex under reducing conditions. In this
model a small fraction of cyt b6f complexes contains
cytochromes that are oxidized under these condi-
tions, allowing a normal Q-cycle turnover which pro-
duces plastoquinone that in turn will open more cen-
ters.
6.3. Site directed mutagenesis of subunits of the cyt
b6f complex
Since deletion mutant strains are available for all
¢ve chloroplast-encoded subunits in C reinhardtii (see
above) expression of modi¢ed subunits is feasible. So
far, site-directed mutagenesis has been reported for
the petA gene encoding cytochrome f and the petB
gene encoding cytochrome b6.
Leu204 of cyt b6 was altered to Pro [293], to mimic
the situation found in the petB genes of maize and
tobacco, in both vascular plants, the proline codon is
edited to a leucine codon at the RNA level [294,295].
The L204P change resulted in a non-photosynthetic
phenotype with the inability to assemble the cyt b6f
complex [293].
As part of the high potential chain, cyt f is oxi-
dized by plastocyanin or cytochrome c6. At the inter-
face of the large and the small domain of cyt f a
positively charged motif is formed, including Lys58,
Lys65 and Lys66 (large domain) and Lys188 and
Lys189 (small domain) (see [244]). This interface is
believed to interact with the two electron acceptors.
Site directed mutagenesis of the three Lys of the
large domain to Gln, Ser and Glu, respectively and
expression of the altered proteins in C. reinhardtii did
not drastically change the amplitude and the kinetics
of £ash-induced photooxidation of cyt f in vivo
compared to wild-type [296]. The half-time of cyt
f photooxidation and cyt f dark reduction in vivo
increased from 0.2 to 0.25 ms and 5^6 to 11^12 ms
when comparing wild-type to the quintuple Lys
mutant (Lys58Gln-Lys65Ser-Lys66Glu-Lys188-Asn-
Lys189Gln) [296]. The rather small e¡ect on the cyt
f photooxidation is interpreted as a consequence of a
relatively high ionic strength environment in the thy-
lakoid lumen, which would weaken the eletrostatical
interaction between the negatively charged plastocya-
nin and the positively charged region in cyt f [296].
However, in vitro measurements of cyt f photooxi-
dation using plastocyanin as electron acceptor indi-
cate that these basic residues of cyt f are implicated
in the electrostatic docking at low ionic strength
[297].
Change of Tyr1, whose K-amino group serves as
the sixth ligand to the heme, to Pro gave rise to a
strain that did not grow photoautotrophically,
whereas strains with Tyr1 changes to Trp, Phe or
Ser were comparable to wild-type [298]. The lack of
the sixth ligand in the Tyr1 Pro mutant (since Pro
does not posses a free K-amino group) results in the
loss of cyt f and gives rise to a non-functional cyt b6f
complex [298]. The e¡ect of this mutation is thus
similar to that observed for cyt f deletion mutants
which lack the cyt b6f complex [299]. The fact that
the change of Tyr1 to another aromatic or into a
non-aromatic amino acid did not a¡ect the rates
of photooxidation and photoreduction of cyt f indi-
cates that the side chain of the amino acid providing
its K-amino group as the sixth ligand does not play a
critical role for electron transfer to the heme [298].
Interestingly the change of Pro2 to Val had a dra-
matic e¡ect on the rate of photoreduction of cyt f
(10-fold reduced), while the rate of photooxidation
of cyt f was una¡ected. This suggests an impaired
electron transfer between the Rieske iron^sulfur pro-
tein and cyt f in the mutant, which is supported by
the fact that the electron transfer between these two
proteins becomes rate-limiting in overall photo-
synthetic and growth rates at high light intensities
[298].
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6.4. Assembly of the cytochrome b6f complex
The isolation and analysis of numerous mutants
de¢cient in cytochrome b6f activity has provided im-
portant insights into the assembly of this complex.
Mutants de¢cient in the synthesis of the chloroplast-
encoded subunits cytochrome f and subunit IV were
shown to be unable to accumulate the other subunits
of the complex [233]. In contrast, in the absence of
the Rieske protein, the chloroplast-encoded subunits
accumulated to a signi¢cant extent in the thylakoid
membranes [233]. These results suggest that the
chloroplast-encoded subunits form a subcomplex
which is deeply embedded in the thylakoid mem-
brane and form an anchor for the Rieske protein
which has been proposed to be a peripheral protein
in C. reinhardtii [256,261].
These studies have been extended by taking ad-
vantage of the chloroplast transformation technology
to produce deletion strains, each lacking either petA,
encoding cytochrome f, petB, encoding cytochrome
b6, or petD, encoding subunit IV [299]. In the ab-
sence of cytochrome f or subunit IV, the transcript
levels and the rate of synthesis of cytochrome b6 were
comparable to wild-type, but the protein was highly
unstable. Similarly, in the absence of cytochrome f or
cytochrome b6, the transcript levels and the rate of
synthesis of subunit IV were barely a¡ected as com-
pared to wild-type and the protein was unstable. The
half-time of subunit IV in the absence of cytochrome
b6 was considerably shorter than in the absence of
cytochrome f. This agrees with the ¢nding of a sub-
complex between cytochrome b6 and subunit IV of
limited stability in the absence of cytochrome f.
These results are not unexpected since cytochrome
b6 and subunit IV correspond to the N- and C-ter-
minal parts of the major cytochrome b subunit of the
cytochrome b6 complexes in photosynthetic bacteria
and mitochondria [300].
In the absence of cytochrome b6 or subunit IV,
cytochrome f was found to accumulate to only 10%
of wild-type levels [299]. Surprisingly, the rate of syn-
thesis of cytochrome f was also markedly reduced
under the same conditions, although the petA
mRNA level was una¡ected. Furthermore, the pro-
duced cytochrome f was stable. Thus the stoichio-
metric accumulation of the chloroplast-encoded sub-
units of the cytochrome b6f complex is controlled by
two di¡erent mechanisms. A post-translational regu-
lation which involves the proteolytic degradation of
unassembled cytochrome b6 and subunit IV and a
co-translational regulation which prevents overpro-
duction of cytochrome f in the absence of the other
subunits. Thus cytochrome f behaves as the core sub-
unit of the cytochrome b6f complex through which
stabilization of its assembly partners occurs. Remov-
al of the C-terminal 35 amino acids of cytochrome f
containing the membrane-anchoring segment gave
rise to a soluble cytochrome f which accumulated
in the lumen to the same level as wild-type cyto-
chrome f [300]. The rate of synthesis of this truncated
cytochrome f was no longer diminished in the ab-
sence of either cytochrome b6 or subunit IV, suggest-
ing that the C-terminal region of cytochrome f de-
leted in the mutant contains a target site for the
control of its translation by subunit IV and cyto-
chrome b6. Alternatively, there might be an early
post-translational stage at which a transient form
of membrane-bound cytochrome f is highly sensitive
to proteolysis.
The synthesis of holocytochrome f is a multistep
process which requires the translation of the precur-
sor apoprotein and two maturation events, the cleav-
age of the N-terminal signal peptide and the covalent
ligation of the c-heme. The crystal structure of a
soluble form of cytochrome f revealed that these
two events may be tightly coupled, since one axial
ligand of the c-heme is provided by the N-terminus
of the mature apoprotein [243]. Site-directed muta-
genesis and chloroplast transformation were used to
modify the cytochrome f processing site. Although
this modi¢cation delayed the processing of the cyto-
chrome f precursor, heme binding to both the pre-
cursor and the processed form of cytochrome f still
occurred [301]. All of these forms were found to be
assembled within cytochrome b6f complexes which
were inactive, presumably because of improper ori-
entation of the heme. Furthermore, destruction of
the heme-binding site of cytochrome f did not a¡ect
processing of the precursor, although the protein was
highly unstable [301]. This is in marked contrast to
other studies which showed that heme attachment to
mitochondrial cytochrome c1 is required for proper
processing of this protein [302].
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7. ATP synthase
The chloroplast ATP synthase complex is part of a
large family of F1WF0 ATPases that are also present
in eubacteria and mitochondria. The chloroplast en-
zyme (CF1WCF0), like the other members of this fam-
ily, has two sectors: the membrane-embedded CF0
through which protons £ow from the thylakoid lu-
men, and the stromal extrinsic CF1 where ATP is
synthesized or hydrolyzed (see Fig. 10A). CF1, which
is understood much better than CF0, is composed of
¢ve subunits, present with a stoichiometry of
K3L3Q1N1O1. These subunits are analogous to the ¢ve
subunits of the eubacterial ATP synthase. The sub-
units of the mitochondrial enzyme (MF1) are not
completely analogous: MF1-N is equivalent to CF1-
O, MF1-O has no equivalent, and the analogous sub-
unit of CF1-N is oscp (oligomycin-sensitivity confer-
ring protein [303,304]).
The mechanism of ATP synthesis has long been
postulated to be coupled to the storage of energy
in a proton gradient across the thylakoid (or inner
mitochondrial or inner eubacterial) membrane [305].
The mechanism of this coupling has not been clearly
elucidated, but the generally accepted hypothesis is
that the £ow of protons through F0 drives the rota-
tion of an asymmetric subcomplex of subunits rela-
tive to the subunits that catalyze ATP synthesis, and
that this rotation results in a cyclic change of the
conformation of the three catalytic sites where ATP
is formed spontaneously (with an equilibrium near
unity for the bound substrates and products); energy
is required mainly to change the conformation su⁄-
Fig. 10. (A) Schematic model of ATP synthase. As shown on the left, CF1 is a hexamer of alternating CF1-K and CF1-L subunits.
CF0 is embedded in the thylakoid membrane. A cut-away view is shown on the right to highlight the location of CF1-Q in the axis of
CF1. We have not included other subunits whose positions are unknown. (B) Dithiol regulation of ATP synthesis by thylakoid mem-
branes from wild-type or CF1-Q mutants. The wild-type enzyme is activated roughly two-fold by DTT, but the CysCSer mutants
(AtpC-C198S, AtpC-C204S, AtpC-C198S/C204S) do not exhibit this regulation. These cysteine residues form a disul¢de bond that at-
tenuates activity; reduction of this bond by thioredoxin is thought to alleviate this inhibition in vivo. Taken with permission from
[345].
BBABIO 44680 29-9-98 Cyaan Magenta Geel Zwart
M. Hippler et al. / Biochimica et Biophysica Acta 1367 (1998) 1^62 37
ciently to break the tight binding of ATP (reviewed
in [306^308]).
The recently solved structure of MF1 [309] has
brought us a long way towards understanding this
mechanism in greater detail. MF1 is in the form of a
£attened sphere, the MF1-K and MF1-L subunits ar-
ranged alternately, like slices in an orange, with an
internal shaft ¢lled by the MF1-Q subunit (see Fig.
10A). As had been previously divined, the nucleotide
binding sites are at the interface of adjacent F1-K and
F1-L subunits, with one subunit providing the vast
majority of contacts. As expected from the similarity
of their sequences (K and L are 20% identical), the
F1-K and F1-L subunits have a similar fold, but all
three F1-K subunits bind ATP (in this case, AMP-
PNP) in a non-catalytic manner, while the three F1-L
sites are strikingly di¡erent: one binds AMP-PNP,
the other binds ADP, and the third site is empty
because of a large deformation of its structure. The
di¡erence in the three sites can be rationalized by
their di¡erent relationships to the F1-Q subunit,
which forms the axis of the internal shaft with two
very long K-helices paired together in a coiled-coil. In
the MF1-L subunit with the empty site, part of the
structure is disrupted due to the formation of new
hydrogen bonds between MF1-Q and MF1-L near the
nucleotide-binding site. Note that F1-Q and the asym-
metry that it induces are not strictly necessary for
ATPase activity, as K3L3 hexamers retain catalytic
potency despite the fact that the F1-L sites are iden-
tical (i.e. the structure has perfect 3-fold symmetry),
although catalytic cooperativity is lost [310]. Thus, it
is probably closer to the truth to say that F1-Q (and
perhaps other single-copy subunits) drive the inter-
conversion of the catalytic sites in a directional man-
ner (‘rotational catalysis’).
7.1. Biochemical and molecular analyses of ATP
synthase
Selman-Reimer et al. [311] ¢rst puri¢ed and bio-
chemically characterized C. reinhardtii CF1, extract-
ing it from thylakoid membranes with either EDTA
or chloroform. The chloroform-extracted enzyme
lacks CF1-N but has a higher ATPase speci¢c activity
than the EDTA-extracted enzyme. Unlike land plant
CF1, the Chlamydomonas enzyme is not activated by
heat or proteolysis, is activated only about two-fold
by DTT, and prefers Mg2 to Ca2 as the divalent
cation. The other characteristics of Chlamydomonas
CF1 are more like those of land plants. The activa-
tion energy of the ATPase reaction is estimated to be
17 kcal/mol. The apparent Km for MgATP is 0.2
mM, and the CF1-ATPase activity is inhibited by
free divalent cations. Additionally, an anti-CF1 (spi-
nach) antibody inhibits both ATP synthesis in thyla-
koids and ATP hydrolysis in puri¢ed CF1. The sub-
unit stoichiometry of the chloroform-extracted CF1
is K3L3N1O1 [312]. The lack of a requirement for acti-
vation by heat or proteolysis makes Chlamydomonas
CF1 an attractive system for structure^function stud-
ies.
Piccioni et al. [313] also puri¢ed CF1 by chloro-
form extraction, and found that the CF1-K subunit in
C. reinhardtii is smaller than CF1-L (54 kDa, com-
pared to 65 kDa in the spinach enzyme [314]). Lem-
aire and Wollman [315] puri¢ed both CF1 and
CF1WCF0 from C. reinhardtii and were able to iden-
tify all nine subunits by either immunological cross-
reaction or localization of the site of synthesis (i.e.
cytosolic or chloroplastic ribosomes), although the
assignment of CF0-I and CF0-IV was somewhat ar-
bitrary. Both of these analyses were aided by the
availability of mutants that fail to synthesize ATP
synthase. For example, they were able to see the
loss of polypeptides of the same molecular weight
as the subunits of the puri¢ed enzyme on SDS-
PAGE gels of thylakoid membrane proteins from
the FUD50 mutant [315], which fails to accumulate
ATP synthase due to a deletion in atpB.
As in land plants, all of the ATP synthase subunits
are encoded in the C. reinhardtii chloroplast genome,
except for CF1-Q, CF1-N, and CF0-II [316]. The genes
have been sequenced for CF1-K (atpA [314]), CF1-L
(atpB [317]), CF1-Q (atpC [318,319]), and CF1-O (atpE
[316]). Unlike the situation in land plants [320], none
of the plastid atp genes are organized together into
operons in C. reinhardtii [316,317]. This has the ad-
vantage that mutations in speci¢c structural genes
will not have ‘polar’ e¡ects upon the synthesis of
the other structural genes, as often happens in pro-
karyotic operons.
Fiedler et al. [321] have recently developed new cell
wall-less (cw15) strains deleted of the atpA or atpB
genes and characterized them. The cw15 phenotype
allows gentle isolation of thylakoids with a Yeda
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press, which tends to preserve photophosphorylation
activity. With plasmids containing these genes along
with £anking sequences to direct homologous inte-
gration and antibiotic-resistance markers (to either
spectinomycin or kanamycin) to select for such inte-
grations [322], the production of site-directed mu-
tants in either gene should be facilitated in the future.
7.2. Analysis of random mutants de¢cient in ATP
synthase activity
Woessner et al. [323] analyzed a set of photophos-
phorylation mutants and organized them into groups
based upon complementation and recombination;
both methods yielded similar results. The linkage
analysis was no doubt aided by the fact that the
atp genes are not clustered on the plastid genome.
Interestingly, the vast majority of the mutants map
to the atpB gene, which encodes CF1-L. In a later
study, Lemaire and Wollman [324] examined repre-
sentative mutants from each complementation group.
They availed themselves of a useful in vivo technique
to assay for ATP synthase: after an actinic £ash, an
electrochromic shift (475^515 nm) is observed due to
the generation of a proton gradient, and its decay (in
the ms time scale) is due to the action of ATP syn-
thase. The various mutants were classi¢ed according
to de¢ciencies in the synthesis of speci¢c subunits.
FUD50, as well as many other mutants, fails to syn-
thesize CF1-L. FUD16, the only mutant in atpA,
overproduces CF1-K and CF1-L, but assembles
CF1WCF0 poorly (see below). FUD17 cannot synthe-
size CF1-O, which was later shown to be due to a
frameshift mutation in atpE [325]. FUD18 and
FUD23 are de¢cient in CF0-I or CF0-IV, respectively
(assuming that their arbitrary assignment was cor-
rect) ; as these are chloroplast mutations, they are
most likely in the atpF or atpI genes, respectively.
There are also several mutations in nuclear genes
that a¡ect the expression of atp genes; for example,
F54 does not express CF1-K and ac46 fails to synthe-
size CF0-III and IV.
The existence of mutants a¡ected in the expression
of speci¢c ATP synthase genes allowed an analysis of
the consequence of the absence of particular subunits
[324]. CF1-L can accumulate to a certain extent in the
absence of CF1-K, but it is unable to attach to mem-
branes. CF1-L is normally synthesized in excess of
CF1-K, but the excess is subsequently degraded.
However, CF1-K is synthesized, but does not accu-
mulate in the absence of CF1-L or in mutants de¢-
cient in other subunits. Likewise, CF1-O is poorly
synthesized in mutants lacking CF1-K, CF1-L, CF0-
I, or CF0-III. Both CF1-K and CF1-L can accumulate
to 15^25% in mutants lacking CF0 subunits, but they
are poorly attached to membranes. The smallest ef-
fect is observed in CF0-IV mutants and the largest in
ac46 (CF0-III, IV missing). In the absence of CF0-I,
newly synthesized CF1-K/L binds transiently to mem-
branes, but does not accumulate there. In the ab-
sence of CF1, the plastid-encoded CF0 subunits (I,
III, and IV) are synthesized and inserted into mem-
branes, but they fail to accumulate [315].
Unfortunately, few point mutants have been found
among the collection of photophosphorylation mu-
tants. Robertson et al. [326] found that two mutants
in atpB (ac-u-c-2-9, 29) had no gross rearrangements,
but single nucleotide changes leading to single amino
acid substitutions: L47R and K154N (both of these
residues are conserved in all F1-L subunits). The idea
that these point mutations were the root cause of the
photophosphorylation defect was borne out by the
emergence of photosynthetic revertants that had re-
stored the original codons. Both mutants transcribe
and translate atpB, but accumulate only 3% of the
polypeptide; they have no detectable CF1-K or CF1-
Q. Thus, they are a¡ected in assembly and/or stability
of CF1. FUD16 is the only photophosphorylation
mutant with measurable in vivo activity [324], and
is the only mutation known in atpA. Interestingly,
a later study showed that FUD16 has two adjacent
point mutations (I184N, N186Y) that caused it to be
overproduced [327]. As FUD16 can be comple-
mented by a 1-kb chloroplast DNA fragment in
which these were the only changes, it is safe to as-
sume that the phenotype is due to mutation of these
two strongly conserved residues (the IXN motif is 7
residues C-terminal of the nucleotide-binding motif,
GXXXXGKT, which is conserved in all F1-K/L sub-
units). Strangely, FUD16 overaccumulates CF1-K
and CF1-L, but only a small minority is membrane-
associated (10% of CF1-K and 3% of CF1-L). This
mutant has only a small amount of active CF1 on the
membrane (3% the wild-type level), which evidently
is not enough for in vivo needs. Very interestingly,
the soluble population of CF1-K/L behaves as a large
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oligomer, and the FUD16 chloroplasts contain
amorphous electron-dense bodies that are not sur-
rounded by membranes. By immunolabeling, these
structures were shown to contain CF1-K and CF1-
L, but no CF1-Q. The formation of these inclusion
bodies requires synthesis of CF1-L, as thm24-
FUD16 double mutants cannot accumulate the mu-
tant CF1-K (the thm24 mutation results in loss of
atpB mRNA [328]). This was the ¢rst demonstration
of organellar inclusion bodies.
7.3. Site-directed mutations in the atpB gene
The advent of biolistic transformation has allowed
the introduction of site-directed mutations into the
ATP synthase genes. The ¢rst such mutant was one
designed to determine the site of action of tentoxin
(Tnt), a cyclic tetrapeptide fungal phytotoxin [329].
Tnt causes chlorosis in germinating seedlings and
blocks energy transfer at the photophosphorylation
step. It binds to CF1, but it does not compete with
ATP/ADP. Comparison of various Tnt-resistant and
Tnt-sensitive Nicotiana species revealed a systematic
variation at codon 83 of atpB : sensitive strains have
Asp at this position, and resistant strains have Glu.
Interestingly, C. reinhardtii CF1-L has Glu at this
position [317] and is Tnt-resistant [311]. Avni et al.
[329] transformed the FUD50 mutant, which bears a
deletion in atpB, with atpB genes having either Glu83
or Asp83 along with four other changes in codons
74^91 to make the surrounding sequence identical
to that of Nicotiana CF1-L. Although both genes
restore photosynthetic growth, AtpB-E83 was Tnt-
resistant and AtpB-E83D was Tnt-sensitive, both in
vivo and in vitro. Subsequently, Hu et al. [322] in-
troduced the single change AtpB-E83D without the
surrounding mutations and found that the resulting
mutant ATP synthase is fully sensitive to the anti-
biotic, both in the thylakoid membrane and as iso-
lated CF1. They also made the AtpB-E83K mutant,
which is fully active and Tnt-resistant, like the wild-
type enzyme [322]. This result indicates that resist-
ance is probably due to a steric blocking of the Tnt
binding site due to the larger side chains of Glu or
Lys. Thus, C. reinhardtii can be used to test speci¢c
ideas about ATP synthases of land plants.
Analysis of metal binding to CF1 had indicated
that one of the equatorial metal ligands is a carbox-
ylate group, which is displaced upon activation,
when the metal becomes liganded to the phosphate
oxygens of ATP [330^332]. Based upon these results
and the structure of the MF1-ATPase [309], Hu et al.
[333] constructed the AtpB-E204Q mutant. This mu-
tant is unable to grow photoautotrophically, and its
photophosphorylation rate is s 100-fold reduced.
However, it accumulates normal levels of CF1 and
its thylakoid membranes are not leaky to protons.
Interestingly, the CF1-ATPase reaction is not greatly
a¡ected by the mutation (the apparent kcat/Km ac-
tually increases 2-fold), and the mutant CF1WCF0 is
able to couple ATP hydrolysis to proton pumping.
The mutation has no e¡ect upon either activation by
Mg2 or Mn2 or inhibition by an excess of these
divalent cations. Moreover, the EPR spectra of VO2
bound at catalytic site 3 gives no indication of a
change in coordination to the metal. Taken together,
these data disprove the hypothesis that Glu204 serves
as a ligand to the metal (usually Mg2) present in the
nucleotide binding site. Moreover, the AtpB-E204Q
mutation causes a large decrease in the ratio of ‘met-
al-nucleotide’ form (where the ATP phosphate oxy-
gens are ligands to the metal) to ‘free-metal-inhib-
ited’ form (where the nucleotide does not ligate the
metal) [333]. From these data, it was argued that
Glu204 serves as a proton donor during the ADP
phosphorylation reaction. This would explain why
AtpB-E204Q has such a drastic e¡ect on ATP syn-
thesis, during which protons are limiting, but not on
ATP hydrolysis, during which the substrate (water) is
abundant. The release of products is the rate-limiting
step in the ATPase reaction; since the AtpB-E204Q
mutation makes hydrolysis e¡ectively irreversible,
the apparent kcat/Km for the ATPase reaction would
be increased, as was seen.
7.4. CF1-Q: rotational catalysis and redox regulation
One of the most interesting and provocative fea-
tures of the cyclical interconversion mechanism pro-
posed for ATP synthesis is the requirement for an
intersubunit rotation over a full 360‡. Until recently,
there was not much experimental support for this
idea. However, in a very important experiment by
Sabbert et al. [334], rotation of CF1-Q was observed
in immobilized CF1 using the technique of polarized
absorption relaxation after photobleaching. They im-
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mobilized CF1 particles in which Cys322 of CF1-Q (a
site near the top of CF1) was crosslinked to eosin-
maleimide, excited the eosin chromophore with a po-
larized laser £ash, and monitored its absorbance with
polarized light in the planes parallel and perpendic-
ular to the electric vector of the laser £ash. In the
presence of ATP but not non-hydrolyzable AMP-
PNP, anisotropy of immobilized eosin-CF1 decays
with a time constant (100 ms) on the order of ATP
hydrolysis. By analysis of the initial and steady-state
anisotropies, it was estimated that CF1-Q must have
at least 200‡ of rotational freedom around its long
axis. More recently, full rotation of MF1-Q relative to
MF1 was directly observed by attaching £uorescent
actin ¢laments to MF1-Q [335]. In agreement with
this, the crystal structure of MF1 complexed with
the inhibitor efrapeptin reveals that this antibiotic
binds in the inner cavity of MF1, making contacts
with both MF1-Q and the MF1-L that has an empty
site in such a way that rotation of MF1-Q and the
conversion of this MF1-L subunit from an open to a
closed con¢guration would be blocked!! The antibi-
otic aurovertin B probably has a similar mode of
action, as it binds to two of the three MF1-L subunits
in a mobile cleft below their nucleotide-binding do-
mains [336].
In addition, it is known that the activity of the
ATP synthase can be regulated by its redox state.
The enzyme can be activated by thiols (usually
DTT), and this activation is especially apparent dur-
ing suboptimal conditions, such as low stromal pH
[337,338]. The CF1-Q subunit harbors an intramolec-
ular disul¢de bond that is reduced by treatment with
DTT [338,339]. It has been mapped to Cys199 and
Cys205 [340], and these residues are conserved in C.
reinhardtii CF1-Q [318]. Reduction of this disul¢de
followed by alkylation with NEM results in high
activity that is resistant to oxidizing agents
[338,341]. Heat treatments used to activate ATPase,
however, do not cause a reduction of the internal
disul¢de bond, and the activation by heat and
DTT are additive. At the present time, the physio-
logical signi¢cance of activation by heat is unknown,
but the activation by dithiol reagents is likely to re-
£ect an in vivo regulation mechanism. In the chloro-
plast, the dithiol reducing agent would most likely
be thioredoxin, which accepts electron from ferre-
doxin. This property of CF1WCF0, which is not shared
with the eubacterial or mitochondrial enzymes, al-
lows the enzyme to be activated when electron trans-
port is occurring and to be shut o¡ afterwards to
prevent waste of ATP that would otherwise be used
to maintain a proton gradient [342]. It is an appeal-
ing idea that the point of this regulation would be at
the level of the ‘coupling axle’ of the ATP synthase
machine, thus impeding both proton £ux and ATP
hydrolysis.
Smart and Selman [343] made a mutant in atpC,
the nuclear gene encoding CF1-Q, by transformation
with heterologous DNA and screening for non-pho-
tosynthetic colonies after arsenate enrichment. In this
mutant, atpC1, the atpC locus is disrupted and the
CF1-Q subunit is absent. Although the authors did
not back-cross atpC1 to see if the atpC mutation
cosegregated with the non-photosynthetic phenotype,
they were later able to restore photosynthetic growth
by transformation with a segment of genomic DNA
containing the wild-type atpC gene [344]. As these
transformants show a concomitant reappearance of
CF1-Q and CF1-ATPase activity, it would appear that
the only mutation causing loss of photoautotrophy
in atpC1 is the one in atpC.
Using this transformation system, Selman and co-
workers were able to introduce a set of site-directed
mutations in CF1-Q. They ¢rst attacked the two cys-
teines involved in the disul¢de bond thought to reg-
ulate ATP synthase. Mutation of either Cys198,
Cys204, or both cysteines to Ser abrogates the activa-
tion of ATPase by DTT [345]. In fact, both ATPase
and photophosphorylation activities in the CysCSer
mutants are at the same high level as those of the
DTT-activated wild-type enzyme (see Fig. 10B). This
is the ¢rst genetic proof that the formation of this
speci¢c disul¢de bond causes an inactivation of ATP
synthase. Note that the presence of these cysteine
residues is certainly not required for ATP synthase
activity, as the transformants grew photoautotroph-
ically. In fact, Ross et al. [345] used this fact to argue
that the reduced form of the enzyme must be the ‘in
vivo form’, and claimed that ATP hydrolysis in the
dark cannot be signi¢cant, as their cultures grew at
the wild-type rate during an 8-h light/16-h dark re-
gime. However, this claim requires further experi-
mental evaluation. Surprisingly, mutation of residues
in the 5-residue linker between these two cysteines
can have the same e¡ect as mutation of the cysteines
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themselves. Ross et al. [346] made the AtpC-D199A
and AtpC-D199K/K203D mutants. These mutant
CF1-Qs are expressed and restore photosynthetic
growth. However, as was seen before for the CysC
Ser mutants, they are unresponsive to DTT and
constitutively catalyze ATP hydrolysis and synthesis
at the DTT-activated rate. It is not clear whether or
not these mutations disallow the formation of the
disul¢de bond or block its e¡ect. Ross et al. [346]
favored the second possibility, because of the follow-
ing: puri¢ed CF1 contains CF1-O if isolated without
DTT, but lacks it when isolated with DTT; CF1
from the AtpC-D199A and AtpC-D199K/K203D
mutants still contains CF1-O when isolated without
DTT, but CF1 from the AtpC-C198S or AtpC-
C204S mutants, which cannot form a disul¢de
bond, lacks CF1-O even when isolated without
DTT. Thus, the linker mutants should be able to
form the disul¢de bond, assuming that its formation
is required for association with CF1-O.
Recently, a mutation in CF1-L was created that
caused a similar lack of responsiveness to redox reg-
ulation [347]. It has been shown that ATP synthase
can be inhibited by a tightly bound ADP in one of
the catalytic sites [307]. Thus, it has been suggested
that oxidation of the enzyme (most likely at CF1-Q,
see above) has the e¡ect of enabling the trapping of
the inhibitory ADP. Based upon the e¡ect of the
analogous mutation in a bacterial TF1-ATPase
[348], Hu et al. constructed the AtpB-T168S mutant
[347]. This threonine residue serves as part of the
Mg2 binding site in MF1 [309]. The AtpB-T168S
enzyme has about 10 times the wild-type ATPase
activity under non-activating conditions. Unlike the
wild-type ATPase, which is activated 2^3-fold by
DTT and 20^40-fold by alcohols or detergent, the
mutant enzyme is slightly inhibited by DTT and is
only mildly stimulated by alcohols or detergent. The
maximal activity levels of both wild-type and mutant
enzymes are remarkably similar, suggesting that
these various activation processes operate through
a common mechanism. Interestingly, the mutant re-
tains 1 mol of tightly bound ADP per mol of en-
zyme, indicating that this ADP is not by itself inhib-
itory. It may be that the mutation a¡ects the
conversion of the enzyme to the free-metal-inhibited
form, but the fact that it displays unchanged sensi-
tivity to excess Mg2 would seem to argue against
this (the analogous mutation in TF1-ATPase allevi-
ated inhibition by excess Mg2 [348]). The Mg-ATP-
ase activity of the AtpB-T168S enzyme is much less
sensitive to azide than the wild-type (the IC50 is at
least 10-fold higher). If azide inhibits by trapping the
enzyme in an inactive conformation with Mg-ADP in
one of the catalytic sites, then the conversion of
Thr168 to Ser must somehow change the catalytic
site so that such entrapment is no longer possible,
even though a tightly bound ADP remains at the
site. How the CF1-Q subunit redox state is commu-
nicated to the CF1-L catalytic site should prove to be
an interesting area of future study.
8. Chlororespiration
8.1. Model of chlororespiration
The model of chlororespiration proposes that a
respiratory chain operates in the thylakoid mem-
branes which shares the plastoquinol pool with the
photosynthetic electron transport chain. One of the
key observations made on intact algal cells, which led
to this model is that a fast reoxidation of plastoqui-
nol occurs in the dark which requires the presence of
molecular oxygen [349^353]. The initial model pro-
posed that plastoquinone is reduced by an NADPH
dehydrogenase and that plastoquinol is oxidized in
the dark at the expense of oxygen by an oxidase. It
was thought that the resulting electron £ow is elec-
trogenic and would give rise to the electrochemical
gradient across the thylakoid membrane which is ob-
served in the dark even in the absence of FoF1 ATP-
ase [351]. While the model of chlororespiration is
mostly based on studies with intact C. reinhardtii
cells, attempts to identify the components and asso-
ciated enzymes have met with little success in this
alga.
8.2. Reduction of the chlororespiratory chain
The plastoquinone pool is partly reduced in the
dark [351].
NAD(P)H could be responsible for this reduction
especially since starch degradation is known to lead
to the formation of reduced pyridine nucleotides
[354]. In land plants, eleven ndh genes encoding sub-
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units of NADH dehydrogenase have been identi¢ed
on the chloroplast genome (see [355]). These ndh
genes are expressed and some of their products
have been found in the thylakoid membranes [356^
361]. A high molecular weight complex with
NAD(P)H dehydrogenase activity was puri¢ed from
thylakoid membranes and found to contain at least
two or three ndh products [360,362]. Disruption of
the chloroplast genes ndhC, ndhK and ndhJ in tobac-
co indicate that a putative complex I is dispensable
for plant growth. Chlorophyll £uorescence analysis,
however, gives evidence that a Ndh complex is im-
plicated in post-illumination reduction of the plasto-
quinone pool in vivo. In addition, re-reduction ki-
netics of P 700 in the dark after illumination by far-
red light indicate that the Ndh complex participates
in cyclic electron transfer around PSI [362]. In strik-
ing contrast, none of the ndh genes could be found
on the chloroplast genome of C. reinhardtii and at-
tempts to identify a thylakoid-associated NAD(P)H
dehydrogenase have been inconclusive [363,364]
mostly because thylakoid membrane preparations
from C. reinhardtii have been shown to be signi¢-
cantly contaminated by mitochondrial membranes
[365]. However, an 18-kDa protein from high salt
extract of puri¢ed thylakoid membranes of C. rein-
hardtii was identi¢ed by N-terminal microsequencing
to be identical to the gene product of frxB, a gene
present in the chloroplast genome of liverwort, to-
bacco and wheat [366]. It was suggested that the
protein is chloroplast encoded in C. reinhardtii, since
its expression is inhibited by chloramphenicol [367].
According to its EPR spectrum the puri¢ed 18-kDa
protein contains two (4Fe^4S) iron^sulfur clusters
[366] and is therefore a ferredoxin-like protein.
Whether this protein is part of a NAD(P)H plasto-
quinone-oxidoreductase in the thylakoid membrane
of C. reinhardtii remains unclear, since it is found to
form a stable DNA^protein complex with a cloned
chloroplast DNA replicative origin [367]. Possible
candidates for reducing the plastoquinone pool in-
clude succinate dehydrogenase, which has been
found in the chloroplast of C. reinhardtii [368].
8.3. Interaction between mitochondrial respiratory and
photosynthetic activity
Treatment of a C. reinhardtii mutant de¢cient in
Rubisco activity with antimycin A and salicylhy-
droxamic acid (SHAM) drastically reduces the cellu-
lar ATP level, increases the NAD(P)H level and
leads to the reduction of the plastoquinone pool
[369]. This e¡ect occurs presumably through the
stimulation of the glycolytic pathway in the chloro-
plast by the depletion of ATP [370]. Bennoun [353]
further showed, that while reduction of the plasto-
quinone pool is induced by treatment of wild-type
cells with myxothiazol, an inhibitor of the mitochon-
drial bc1 complex, this does no longer occur when a
mitochondrial myxothiazol-resistant mutant is used.
This clearly demonstrates that the myxothiazol e¡ect
is mediated solely by the mitochondrial respiratory
chain. The rate of respiratory O2 consumption by a
Chlamydomonas cell suspension was shown to be
greater after a period of photosynthesis than in the
preceding dark period [371]. This light-enhanced
dark respiration was correlated with the photo-
synthetic production of malate and phosphoglycerate
and was photosynthesis-dependent, suggesting that
a malate/oxaloacetate shuttle could be responsible
for the transport of photo-generated reducing
power from the chloroplasts to the mitochondria
(Fig. 11).
Fig. 11. Communication between chloroplast and mitochondria
in C. reinhardtii. Mitochondria and chloroplast are shown in
the upper and lower parts, respectively. Coupling between elec-
tron transfer, proton translocation and ATP synthesis is indi-
cated. A mitochondrial reductant M and a chloroplastic reduc-
tant C, both in equilibrium with their electron transfer chains,
communicate with each other using an unidenti¢ed mechanism
symbolized by a question mark (see text for further explana-
tions).
BBABIO 44680 29-9-98 Cyaan Magenta Geel Zwart
M. Hippler et al. / Biochimica et Biophysica Acta 1367 (1998) 1^62 43
8.4. Where is the oxidase of the chlororespiratory
chain?
Oxidation of plastoquinol in the dark requires
oxygen, but does not require the presence of the
cytochrome b6f complex, PSI, PSII or the ATP syn-
thase [372]. The original model assumed that the ox-
idase involved is located in the chloroplast [351].
Peltier et al. [352] noticed a PSI-dependent inhibition
of respiratory activity after illumination of dark-
adapted wild-type C. reinhardtii cells with saturating
£ashes. Since this inhibition of oxygen uptake was
found to be sensitive to cyanide, but not to antimy-
cin A and SHAM, it was concluded that the related
respiratory activity occurs inside the chloroplast. The
apparent Km(O2) value for this phenomenon was
measured to be 23 mM, which is much higher that
the apparent Km values of total dark respiration and
of the mitochondrial alternative pathway with 0.2
and 5.5 mM, respectively [352]. The rate of chloro-
respiration was estimated at 10^20% of total respira-
tion [351,352]. However, in a di¡erent study it was
shown that myxothiazol and antimycin A inhibit the
dark reoxidation of the PQ pool [373] as well as a
PSII-dependent oxygen uptake [374]. At this time it
is not known whether the oxidase of the chlorores-
piratory chain is located in the chloroplast or in the
mitochondria. No biochemical evidence for a chloro-
plast oxidase has been reported.
8.5. Oxygen evolution in PSI-de¢cient mutants
The plastoquinol oxidation in the light could occur
through reverse electron £ow from a chloroplast
NAD(P)H dehydrogenase complex. The reduced pyr-
idine nucleotides could then be exported by the
chloroplast and oxidized by the mitochondrial respi-
ratory chain. Oxygen emission could indeed be ob-
served in PSI-de¢cient mutants [375,376], with an
oxygen evolution rate about 4^7% of the maximal
net photosynthetic rate measured in wild-type cells.
Since no photosynthetic CO2 ¢xation was observed
under illumination in a PSI-less mutant, it is believed
that the reducing power produced by PSII is used to
reduce molecular oxygen [376]. This result contra-
dicts those obtained by Greenbaum et al. [377] and
Lee et al. [378], who found photosynthetic CO2 ¢x-
ation in a C. reinhardtii mutant lacking PSI (see Sec-
tion 5). PSII-dependent electron transfer is also ob-
served in a mutant of C. reinhardtii lacking the cyt
b6f complex, indicating that PSI and cyt b6f are not
required for this process [375]. DCMU, an inhibitor
of the photosynthetic electron transfer between QA
and QB, inhibits the PSII dependent electron £ow
[375]. Inhibitors of mitochondrial electron transfer
block the PSII-dependent light-induced oxygen evo-
lution by 80%, indicating that the reducing power
produced by the chloroplast is used to drive mito-
chondrial electron transfer towards oxygen [375]. It
has been suggested that the PSII-dependent electron
transfer produces reducing equivalents like NADPH
through a reverse electron transfer and that these
reducing equivalents are then transported towards
the mitochondria [375]. This interpretation is
strongly favored by the fact that the addition of sal-
icylhydroxamic acid and myxothiazol had no e¡ect
on either the PSII-dependent electron transfer nor on
mitochondrial respiration in the double mutant
M46MUD2 of C. reinhardtii, de¢cient in PSI and
resistant to myxothiazol due to a single mutation in
the mitochondrial cytb gene (L. Cournac, K. Redd-
ing, P. Bennoun and G. Peltier, unpublished results).
A transfer of reducing equivalents from chloroplasts
to mitochondria was already proposed for a mutant
of C. reinhardtii that lacks the chloroplast ATPase,
but is still able to grow under photoautotrophic con-
ditions [379].
8.6. Source of the electrochemical gradient in the dark
The occurrence of an electrochemical gradient
across the thylakoid membrane in the dark raises
questions about its generation. Since this gradient
is still produced in mutants lacking the chloroplast
ATP synthase, it cannot be generated through re-
verse functioning of this enzyme. The possibility
that it arises through NAD(P)H reduction of plasto-
quinone and the chlororespiratory pathway is con-
tradicted by the observation that myxothiazol addi-
tion in the dark leads to a fast decrease of the
electrochemical gradient and a slow reduction of
the plastoquinone pool [353]. If the chlororespiratory
chain were involved in generating this gradient the
opposite would have been expected, i.e. reduction of
plastoquinone would enhance electron £ow and
thereby increase the gradient in the dark. Taken to-
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gether the data strongly suggest that ATP plays an
important role in the establishment of the electro-
chemical gradient. It has been postulated that it
may be caused by an ATP-driven ion gradient gen-
erator of unknown composition in the thylakoid
membrane [353].
9. State transitions
The concept of state transitions arose from the
studies of Bonaventura and Myers [380] and Murata
[381] which showed that redistribution of excitation
energy between PSII and PSI occurs when the ab-
sorption of light energy by these two photosystems is
uneven. This redistribution increases the overall
quantum yield by decreasing the transfer of surplus
excitation energy to PSII while increasing delivery to
PSI (or vice versa). Such a process is termed state I^
state II transition (or state II^state I transition) (re-
viewed in [382]). To explain the phenomenon of state
transitions, it has been proposed that excess excita-
tion of PSII leads to reduction of the plastoquinone
pool of the electron transport chain and to activation
of a thylakoid-associated kinase. This kinase phos-
phorylates a threonine residue near the amino termi-
nus of LHCP, the major protein of the peripheral
antenna complex LHCII (see [383]). It is assumed
that this event causes migration of LHCII from the
PSII-enriched grana region to the PSI-enriched stro-
ma lamellae region of the thylakoids corresponding
to state II, which leads to a signi¢cant decrease in
room-temperature £uorescence. Inversely, excess ex-
citation of PSI leads to the oxidation of the plasto-
quinone pool and deactivation of the kinase. LHCP
is rapidly dephosphorylated, presumably by a thyla-
koid-associated phosphatase, an event which is be-
lieved to induce the migration of LHCII to the
PSII-enriched grana region. While the phosphoryla-
tion of LHCP under state II conditions has been
clearly demonstrated, it has not yet been conclusively
shown that this event is the cause of the migration of
LHCP rather than its consequence. Attempts to iso-
late the LHCP-kinase have not been successful
[384].
The plastoquinone pool in the thylakoid mem-
brane is shared by the photosynthetic and the chloro-
respiratory electron transfer chains [351]. It can
thus be reduced by either PSII or NADH, and oxi-
dized by either PSI or O2. In this respect, C. rein-
hardtii o¡ers distinctive advantages for studying state
transitions. Methods have been developed to exten-
sively modify the redox state of the plastoquinone
pool in intact cells of C. reinhardtii [385,386]. State
I can be obtained by illumination in the presence of
DCMU and state II by an anaerobic treatment
which inhibits the chlororespiratory pathway [385]
and which leads to a complete reduction of the plas-
toquinone pool in the dark [385]. Using these proce-
dures it has been possible to induce state transitions
which yield room-temperature £uorescence changes
2^3-fold larger than in land plants [385,386]. The
half-times of the kinetics of the £uorescence changes
in state I to state II and state II to state I transitions
were 120 and 320 s, respectively [386]. The changes in
excitation energy distribution have also been esti-
mated by the ratio of the low temperature £uores-
cence emission peaks of PSII and PSI or by a photo-
acoustic method which measures the quantum yield
of PSI and PSII charge separation [387,388]. Fur-
thermore, several photosynthetic mutants of C. rein-
hardtii have been very useful for assessing the role of
the various photosynthetic complexes in state transi-
tions (see below).
9.1. Role of cytochrome b6f complex in state
transitions
The cytochrome b6f complex appears to play an
important role in state transitions since cytochrome
b6f-de¢cient mutants of land plants and C. reinhardtii
are unable to activate the LHCP kinase and to per-
form state transitions [389^391]. Inhibitors of the
quinol-oxidizing site of the cytochrome b6f complex
block the LHCII kinase activity [390,391]. It has
been proposed that the LHCP kinase is closely asso-
ciated with the cyt b6f complex and that the activa-
tion of the kinase system is mediated by the redox
state of a component of the cyt b6f complex which is
determined by the redox state of the plastoquinone
pool [392,393]. Ultrastructural studies have shown
that cytochrome b6f complexes co-migrate with
LHCII during state transitions in C. reinhardtii
[394]. These observations raised the interesting pos-
sibility that the increased fraction of cyt b6f com-
plexes in the unstacked PSI-containing regions in
BBABIO 44680 29-9-98 Cyaan Magenta Geel Zwart
M. Hippler et al. / Biochimica et Biophysica Acta 1367 (1998) 1^62 45
state 2 could be involved in cyclic electron £ow
around PSI, thereby enhancing ATP production by
cyclic photophosphorylation [394,395]. According to
this view, state transitions not only serve as a light-
adaptation mechanism, but also for rerouting of
photosynthetic electron £ow, thus allowing the or-
ganism to adapt to changes in cell demand for
ATP. Alternatively, the state transition-induced mi-
gration of the cyt b6f complex could be involved in
the control of the activity of the LHCP-kinase [395].
State I to state 2 transitions could modulate the ac-
tivation of the enzyme and its accessibility to LHCP.
Indeed, photoacoustic measurements of cyclic elec-
tron £ow around PSI did not reveal any signi¢cant
di¡erences in leaves from several plant species
adapted either to state 1 or state 2 [396]. It is also
possible that there are important di¡erences in the
events coupled to state transitions between C. rein-
hardtii and plants.
Mutants of C. reinhardtii de¢cient in state transi-
tion have recently been isolated (M. Fleischmann
and J.D. Rochaix, unpublished results). The screen
employed was to record the di¡erences in £uores-
cence level between state I and state II. Whereas
wild-type cells display a large £uorescence signal dif-
ference mutant cells do not exhibit a change in £uo-
rescence between state I and state II. Two mutants
were identi¢ed using this screen. ST7 is unable to
phosphorylate LHCII in state II and has otherwise
normal photosynthetic properties. The other mutant
ST3 is still able to phosphorylate LHCII but unable
to perform state transitions. This screen opens the
door for a thorough genetic dissection of state tran-
sitions.
9.2. Migration of LHCII during state 1 to state 2
transitions
While the dissociation of the phosphorylated
LHCII from PSII in state 2 is well documented, evi-
dence for the association of the phosphorylated an-
tenna with PSI was lacking until recently. Delosme et
al. [388] performed a thorough study of changes of
light energy distribution upon state transitions in in-
tact C. reinhardtii cells using photoacoustic measure-
ments. They established spectra of the quantum yield
of charge separation in the wild-type and in mutants
lacking the cyt b6f complex, PSII or PSI cores. The
results showed clearly that in the wild-type LHCII is
connected to PSI in state 2 and that this connection
requires the presence of the cyt b6f complex. These
measurements also revealed that, upon migration of
LHCII from the stacked grana to the unstacked la-
mellae, about 80% of the excitation energy absorbed
by LHCII is transferred to PSI. However, although
the minor complexes CP26 and CP29 were phos-
phorylated under state II conditions, CP26 was not
displaced [388]. CP29 has also been shown to be
reversibly phosphorylated in maize. However, the
corresponding kinase does not require an active cyt
b6f complex and is activated by reduction of the
plastoquinone pool through a quinonic receptor site
distinct from the one controlling LHCII kinase
[397].
PSII-de¢cient mutants are still able to perform
state transitions indicating that the PSII center is
not required for the plastoquinone-mediated phos-
phorylation of LHCII [385,388]. In these mutants
more than 90% of the excitation energy absorbed
by LHCII is transferred to PSI under state 2 condi-
tions [388]. In contrast, state transitions do not occur
in PSI-de¢cient strains although LHCII is phos-
phorylated upon reduction of the plastoquinone
pool. Hence reversible kinase activation still occurs.
The spectral dependence of the quantum yield re-
mains undistinguishable under both state 1 and state
2 conditions. It resembles the state 1 spectrum of
PSII indicating that a signi¢cant proportion of the
PSI peripheral antenna is connected with PSII in
both states. This improved association of LHCI
and LHCII with PSII has been attributed to the
super-stacked organization of the thylakoid mem-
branes known to occur in PSI-de¢cient mutants
[398,399].
It is noteworthy that the distribution of excitation
energy between the two photosystems is rather
di¡erent in C. reinhardtii and land plants. In C. rein-
hardtii, the distribution is 0.45 for PSII and 0.55
for PSI in state 1 and 0.15 for PSII and 0.85 for
PSI in state 2. Hence the absorbance cross-sections
are nearly balanced in state 1 and considerably un-
even in state 2, whereas the opposite has been re-
ported in leaves. Along these lines state 1 would
favor linear electron transfer, while state 2 would
favor cyclic electron transfer around PSI in C. rein-
hardtii.
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10. Hydrogen metabolism
10.1. Hydrogen uptake: photoreduction and
oxyhydron reaction
Hydogen metabolism in algae was studied ¢rst by
Ga¡ron [400,401]. He observed that when C. rein-
hardtii cells were adapted to anaerobic conditions
and illuminated, CO2 reduction was accompanied
by H2 uptake, a light driven process that was termed
‘photoreduction’. C. reinhardtii cells adapted to anae-
robiosis can also catalyze the uptake of H2 in the
dark, that is coupled to O2 consumption [402]. This
oxyhydron reaction leads to CO2 ¢xation through
the Calvin-cycle [403]. Photoreduction, but not the
oxyhydron reaction, could be detected in isolated
chloroplasts from C. reinhardtii, that were anaerobi-
cally adapted with H2 [404]. The photoreduction ob-
served in isolated chloroplasts was about 30% com-
pared to that measured in whole cells [404].
Photoreduction in whole cells or isolated chloro-
plasts was not inhibited by 10 WM DCMU
[404,405], indicating that PSII is not involved in
this process. Rotenone, an inhibitor of NADH oxi-
doreductase, or antimycin A and SHAM, inhibitors
of mitochondrial respiration, decreased photoreduc-
tion in isolated chloroplasts and whole cells, respec-
tively, by 75 or 80 and 90%, respectively. DBMIB
inhibited photoreduction in isolated chloroplasts by
95% [404,405]. The oxyhydron reaction was also in-
hibited in whole cells of C. reinhardtii after the addi-
tion of SHAM, antimycin A or DBMIB [405]. These
results suggest that mitochondrial respiration is
coupled with the chloroplast PQ pool in the oxyhy-
dron reaction. To explain the process of photoreduc-
tion Maione and Gibbs [405] have proposed a model
in which a chloroplast NADPH oxidoreductase (see
also Section 8), that is sensitive to rotenone, is
coupled to the photosynthetic PQ pool. However,
one has to consider that photoreduction is decreased
by 60% in isolated chloroplasts (see above) and that
isolated chloroplasts from C. reinhardtii used for this
study are contaminated with mitochondria, since
12% of the cellular cyt c oxidase activity (used as a
mitochondrial marker) is associated with the chloro-
plast fraction [406]. Therefore participation of mito-
chondrial electron transfer components cannot be
excluded in these experiments and photoreduction
may therefore also depend on the interactions be-
tween chloroplast and mitochondria or other subcel-
lular compartments.
10.2. Hydrogen evolution
Another feature of the hydrogen metabolism of C.
reinhardtii is hydrogen evolution under anaerobic
conditions. Hydrogen evolution was ¢rst measured
in a green alga Scenedesmus obliquus [402]. Its pro-
duction can be measured in the dark, where it is
driven by fermentation [407]. However, much higher
rates of hydrogen evolution can be detected in the
light. Two mechanisms have been proposed to ac-
count for hydrogen release in the light. One involves
photochemical water splitting at PSII, together with
linear electron transfer from PSII to PSI, that results
in simultaneous production of water and hydrogen,
with a molar ratio of about 2 [408]. This reaction is
inhibited by DCMU [408,409]. When dark-adapted
cells of C. reinhardtii are transferred to light, a tran-
sient surge of hydrogen is observed that peaks and
then decreases to zero. This is explained by the fact
that in the dark the Calvin^Benson cycle is turned
o¡. Upon illumination all the reducing power is ini-
tially released as hydrogen, whereas after activation
of the cycle, carbon reduction becomes the sink for
the reducing equivalents produced by photosynthesis
[410]. These observations suggest that one of the
physiological roles of the hydrogenase from C. rein-
hardtii is the dissipation of reducing equivalents
under anaerobic stress conditions. However, the al-
ternative pathway to hydrogen evolution couples the
metabolic oxidation of organic components to PSI
and results in the release of hydrogen and carbon
dioxide [411^413]. This process is strongly stimulated
by acetate [407,412] and glucose [413]. Whereas
DCMU did not a¡ect the increase of hydrogen evo-
lution in C. moewusii after addition of acetate [407],
it inhibited about 80% of the hydrogen production in
the F-60 mutant of C. reinhardtii [412]. This mutant
lacks ribulose kinase and is therefore de¢cient in the
photosynthetic carbon reduction cycle. However, the
di¡erences observed in the inhibition of hydrogen
production by DCMU in wild-type and this mutant
are not fully understood.
Hydrogenase is highly sensitive to oxygen, which
irreversibly inhibits hydrogen evolution within mi-
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nutes [414,415]. Using anti-hydrogenase antibodies,
neither active nor inactive enzyme could be detected
in aerobically grown cells of C. reinhardtii. In con-
trast, 10 min after the onset of anaerobic adaptation,
hydrogenase was detected [416]. These results contra-
dict those of Roessler and Lien [417] which indicated
that 30% of the maximal hydrogenase activity is due
to activation of the enzyme or its precursor. How-
ever, it seems to be clear that de novo synthesis of
hydrogenase occurs only under anaerobic conditions.
The fact that cycloheximide inhibits hydrogen pro-
duction in C. reinhardtii [416,417] is taken as evi-
dence that hydrogenase is synthesized on cytoplasmic
ribosomes and therefore nucleus-encoded. As men-
tioned before hydrogenase activity was detected in
isolated chloroplasts [404], indicating that the protein
is imported into the chloroplast. This ¢nding is sup-
ported by Happe et al. [416], who immunodetected
hydrogenase only in isolated chloroplasts and not in
other cellular fractions of C. reinhardtii.
The in vivo electron donor for hydrogenase is fer-
redoxin (see Section 5.6) with a Km value for hydro-
gen evolution of 10^35 mM [418,419]. E¡ects of the
charge properties of electron mediators on the reac-
tion kinetics of hydrogenase suggest the presence of a
cationic region near the active site of hydrogenase
[418].
Isolation of hydrogenase from C. reinhardtii suc-
ceeded under anaerobic conditions. A 2750-fold en-
richment of hydrogenase was achieved by Roessler
and Lien [420]. The preparation was approximately
40% pure and evolved hydrogen with ferredoxin as
mediator. A protein with a molecular mass of 47.5
kDa was identi¢ed as hydrogenase. More recently,
hydrogenase was puri¢ed 6100-fold, resulting into a
single band in SDS-PAGE with a similar molecular
mass of 48 kDa. The isolated protein evolved hydro-
gen with methyl viologen and ferredoxin as electron
mediator [419]. N-Terminal amino acid sequencing
identi¢ed 24 amino acids of the protein, but no sig-
ni¢cant amino acid sequence homologies could be
found to any sequences from prokaryotic hydroge-
nases [419]. The activation energy using ferredoxin as
mediator for hydrogen evolution was determined
with an enriched hydrogenase fraction to be 55.1
kJ mol31, a value that is similar to that found with
prokaryotic hydrogenases [420]. Measurements with
isolated hydrogenase and methyl viologen as media-
tor revealed that hydrogen evolution has an optimal
temperature of 60‡C and a pH optimum of 6.9 [419].
Atomic absorption experiments performed with
highly puri¢ed hydrogenase, revealed that the en-
zyme contains 12 iron atoms per protein molecule,
whereas only 0.05 Ni/protein molecule were found
[416]. Therefore it appears that the hydrogenase
from C. reinhardtii belongs to Fe-hydrogenases
rather than to a nickel-containing hydrogenase fam-
ily. This implies that the enzyme may contain iron^
sulfur centers, although this remains to be proven.
11. Oxygenic photoautotrophic growth without PSI?
In 1995, interesting new results by Greenbaum and
coworkers [377] questioned the classical Z-scheme of
photosynthesis. They reported that a C. reinhardtii
mutant strain B4, which lacks PSI but contains
PSII, is capable of photosynthetic assimilation of at-
mospheric CO2 under saturating light and in anae-
robic conditions. Under aerobic conditions the mu-
tant strain B4 was unstable and its ability to
assimilate carbon dioxide in the light declined within
1 day. Greenbaum et al. [377] concluded from these
results that in an anaerobic atmosphere the single
light reaction of PSII is su⁄cient to drive photore-
duction of carbon dioxide using water as the source
of electrons. However, more recently, the same group
reported that the PSI-less C. reinhardtii mutants were
able to grow photoautotrophically in air (21% oxy-
gen), containing about twice the atmospheric CO2
concentration as the only carbon source [378]. The
mutants used in these studies, B4 and F8, contain
nuclear mutations that block the trans-splicing of
the psaA mRNA [38,147]. Whereas under anaerobic
conditions hydrogen evolution could be measured
after the onset of light in the mutants B4 or F8 as
well as in wild-type, no hydrogen evolution could be
obtained under aerobic conditions, indicating that
hydrogen metabolism is not necessary for the mech-
anism of carbon dioxide ¢xation in the PSI de¢cient
mutant [377,378]. Interestingly, Peltier and Thibault
[375] as well as Cournac et al. [376] reported that
PSI-de¢cient strains of C. reinhardtii were able to
evolve oxygen as reported by Greenbaum et al.
[377] and Lee et al. [378], but in contrast to the latter
no carbon dioxide assimilation (in the presence of
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500 ppm CO2, in nitrogen) could be detected [376]
(see Section 8.5). Immunoblot analysis using anti-
PsaA antibodies indeed con¢rmed the presence of
PsaA in the mutant strains that were capable of pho-
toautotrophic growth [376]. Thus, it appears that
photoautotrophic isolates of B4 or F8 have either
reverted or have acquired suppressor mutations.
The presence of PSI in the mutant strains B4 and
F8 is supported by the observation that they are
not light sensitive [378], whereas PSI-de¢cient strains
are highly sensitive to light [137,232,376]. The fact
that no CO2 ¢xation could be observed in transform-
ants of B4 and F8 in which the psaA gene had been
deleted argues strongly that photosystem I activity is
required to assimilate CO2 in C. reinhardtii [376].
12. Carbon ¢xation: focus on Rubisco
The enzyme ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) is the key enzyme of car-
bon ¢xation. It catalyzes the reaction:
ribulose31; 53bisphosphateRuBP  CO2
H2O 6s 2; 33phosphoglycerate33PGA:
Rubisco is the only enzyme of the Calvin cycle
unique to photosynthetic organisms. The triose
(3-PGA) generated by Rubisco can be converted to
fructose-6-phosphate in a series of reactions essen-
tially identical to those of gluconeogenesis in ani-
mals, the ¢rst two of which utilize NADPH and
ATP. In each cycle, half of the triose is converted
to hexose, a third of which is excess and leaves the
cycle as glucose 6-phosphate. The rest is combined
with the trioses to make pentoses by a series of car-
bon-shu¥ing reactions catalyzed by transketolase
and aldolase. The resulting pentose phosphates are
converted to ribulose phosphate by epimerase and
isomerase enzymes. The action of phosphoribuloki-
nase, using a high-energy phosphate from ATP, re-
generates RuBP. Note that energy from the light re-
actions, in the form of NADPH and ATP, is not
used by Rubisco itself, but rather in the enzymat-
ic steps immediately before and after the ¢xation of
CO2. This mechanism serves to drive the carbox-
ylation reaction by e⁄ciently producing the sub-
strate of Rubisco (RuBP) and removing its products
(3-PGA). The only other variable is the concen-
tration of CO2 and, unfortunately, that of O2, be-
cause Rubisco can also catalyze a competing reac-
tion: RuBP+ O26=s 3-PGA + phosphoglycolate.
This oxygenation reaction is the initial reaction of
photorespiration, in which the phosphoglycolate is
oxidized without return of useful energy, and is
thus considered a wasteful process. Much of research
on Rubisco has, therefore, concentrated on attempts
to understand its catalytic mechanism and to im-
prove upon its speci¢city.
Rubisco may be the most abundant protein on
earth, not only because of its importance in photo-
synthesis, but because of the di⁄culty of the reaction
it catalyzes. This reaction proceeds through a num-
ber of steps, including enolization (resulting in a C2^
C3 double bond), carboxylation (or oxygenation) at
C2, hydration of the C3 ketone, and cleavage of the
C2^C3 bond, leading to release of the two molecules
of 3-PGA (or 3-PGA+phosphoglycolate). The en-
zyme stabilizes the enediol form of RuBP by abstrac-
tion of a proton from C3. Then the addition of CO2
(or O2) at C2 is essentially irreversible, and the re-
action is committed to the hydration and cleavage of
the addition product. The speci¢city of Rubisco is
often expressed as a CO2/O2 speci¢city factor (6)
de¢ned as 6= VCKO/VOKC, where KC and KO are
the Michaelis constants for CO2 and O2, and VC
and VO are the maximal velocities of carboxylation
and oxygenation, respectively [421]. Thus, the ratio
of carboxylation to oxygenation at any given concen-
tration of CO2 and O2 can be written as Xc/
XO =6U(CO2)/(O2). In general, 6= 15 in photosyn-
thetic bacteria, 6= 50 in cyanobacteria, 6= 60 in
green algae (such as C. reinhardtii), and 6= 80 in
land plants [422]. A lot of e¡ort has gone into under-
standing how to increase this factor, but the problem
has proven to be much more di⁄cult than was pre-
viously thought.
In green plants, the holoenzyme is a hexadode-
camer made up of 8 large subunits (LS; 55 kDa)
and 8 small subunits (SS; 15 kDa). Some photosyn-
thetic bacteria utilize a so-called ‘form II Rubisco,’
which is a homodimer of large subunits [423], indi-
cating that the small subunits are not involved in
catalysis. Indeed, the structure of spinach Rubisco
complexed with the transition-state analog 2-carbox-
yarabinitol-1,5-bisphosphate (CABP) shows quite
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clearly that the small subunits are far from the active
site [424,425]. However, the small subunits are re-
quired for stability and maximal activity of the en-
zyme; an LS8 octamer reconstituted from recombi-
nant protein possesses only 1% of the activity of the
holoenzyme containing small subunits [426]. The 2.4
Aî X-ray crystal structure of spinach Rubisco [424]
demonstrated that form I Rubisco has the same gen-
eral architecture as form II, with large subunits form-
ing tightly associated homodimers. Each LS has a
smaller N-terminal domain and a larger C-terminal
domain dominated by an eight-stranded parallel K/L-
barrel. The active site is found at the interface be-
tween the C-terminal side of the K/L-barrel of one
subunit and the N-terminal domain of the other
partner in the LS homodimer, although the majority
of the active site residues are contributed from the C-
terminal domain. The homodimeric units associate
together as a tetramer (i.e. (LS2)4) in form II Rubis-
co. The small subunits associate with the LS8 oc-
tamer at opposite poles, where all eight large sub-
units can be contacted; each SS makes contacts
with three di¡erent LS [424].
A speci¢c lysine residue (Lys201) must be carbamy-
lated for the enzyme to be active. This activation
process entails the reaction of a molecule of CO2
to Lys201 in a way distinct from the reaction with
substrate CO2 [427], occurs at alkaline pH, and can
be catalyzed by the enzyme Rubisco activase [428].
The addition of a Mg2 ion further stabilizes the
carbamate [429]. Both the carboxylation and oxygen-
ation reactions require carbamylated Lys201 and
Mg2 in the active site. According to the CABP-com-
plexed structure, ligands for the Mg2 are provided
by oxygens from Lys201-carbamyl, Asp203, and Glu204
(see below) from LS and the other three ligands
come from the substrate [425]. Andersson [425] has
proposed a model in which Lys201-carbamyl abstracts
a proton from C3, thereby forming the enediol,
which is attacked by CO2, one of whose oxygens
would ligate the Mg2. The addition product is rap-
idly hydrated to a gem-diol. Subsequently, a second
step of deprotonation from one of the C3 hydoxyls
drives cleavage of the C2^C3 bond, forming 3-PGA
and the carbanion form of 3-PGA, which must be
protonated from the side opposite K201-carbamate
to form D-3-PGA.
In all green plants, Rubisco LS is encoded by rbcL
on the chloroplast genome and SS by a family of
rbcS genes in the nucleus. The rbcL [430] and both
rbcS [431] genes of C. reinhardtii have been se-
quenced. The identity between Rubisco LS from C.
reinhardtii and spinach, for which the structure is
now known at 1.6 Aî resolution [425], is 88% and
increases to 93% if one considers conservative sub-
stitutions; almost all of the remaining di¡erences are
in regions that vary among all chloroplast Rubiscos.
As the Chlamydomonas enzyme is well-characterized
biochemically [432,433], it serves as an excellent sys-
tem in which to examine structure^function ques-
tions.
Indeed, Spreitzer and his colleagues have used sev-
eral aspects of Chlamydomonas genetics to their ad-
vantage in the analysis of Rubisco (see Table 2 for all
mutants discussed). Starting with a single mutation
in the rbcL gene, Spreitzer and Ogren [434] were able
to isolate more mutations in rbcL by screening for
non-photosynthetic mutants that failed to recombine
with the original mutation. Many of the rbcL mu-
Table 2
Properties of Rubisco mutants
Mutation (RbcL-) Biochemical result Reference
Q45Stop no protein [422]
G54D no protein [422]
G54A ^ [440]
G54V sXc [440]
W66Stop no protein [433,441,462]
N123G sXc, s6 [442]
G171D 3Xc [422] and references
therein
T173I 3Xc [463]
R217S no protein [439]
R217S/A242V 3Xc, s6 [439]
G237S sprotein, 3Xc [422]
L290F sprotein, s6 [435,436]
L290F/A222T sprotein [436]
L290F/V262L sprotein [436]
L326I sprotein [443]
L326I/M349L s6 [443]
V331A s6 [437,438]
V331A/T342I u6 of V331A [437,438]
V331A/G344S u6 of V331A [438]
V341I ^ [443]
M349L ^ [443]
S379A sXc, s6 [442]
W451Stop no protein [433,462]
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tants do not accumulate Rubisco [422]. However,
Chen et al. [435] were able to identify thermosensitive
Rubisco mutants that could grow photosynthetically
at 25‡C, but not at 35‡C, thus ensuring that they
could at least assemble and accumulate a partially
active enzyme. One such mutant, RbcL-L290F, ac-
cumulates Rubisco protein at 36% the wild-type level
at 25‡C, and the enzyme puri¢ed under these condi-
tions has 6= 54, compared to 6= 62 for wild-type.
Although the enzyme has a slight increase in the
speci¢city of binding CO2 vs. O2, this was more
than o¡set by a decrease in VC/VO. They were later
able to identify two intragenic suppressors (RbcL-
V262L and A222T) that restored phototrophic
growth at high temperature without greatly increas-
ing accumulation of holoenzyme [436]. Both restored
6 to the wild-type value, although they did so in
di¡erent ways. Compared to RbcL-L290F, the
RbcL-L290F/V262L double mutant had lower Mi-
chaelis constants for both O2 and CO2, but the KO/
KC ratio was slightly higher. The main e¡ect of
A222T was on kinetics; while VC and VO were
both increased by the secondary mutation, the ratio
of carboxylation to oxygenation was slightly higher
in the double mutant.
A further example of the use of suppressor genet-
ics was seen in the case of RbcL-V331A, a mutant
Rubisco that accumulates normally yet has only 5%
of wild-type activity [437]. This e¡ect is due mainly
to a large decrease in the carboxylation rate and a
5-fold decrease in a⁄nity for CO2. This mutation
could be suppressed by an intragenic suppressor mu-
tation, RbcL-T342I [437,438]; the double mutant en-
zyme has only a modest decrease in speci¢city
(6= 52). The secondary mutation RbcL-G344S was
also isolated as a suppressor, but it is less e¡ective in
improving catalytic e⁄ciency [438]. In both cases,
suppression is probably a simple case of ¢lling the
volume left by the ValCAla substitution, as all of
these residues (Val331, Thr342, and Gly344) are in the
same region in space [424]. While they are not in the
active site, they are close to Lys334, a residue in the
active site thought to be important for stabilizing the
enediol of RuBP [424]. Similarly, the residue a¡ected
in the thermosensitive mutant RbcL-L290F is not in
the active site, but is four residues from His294, which
might play a role in the second deprotonation step
[425]. Thus, these mutations probably have an e¡ect
by subtly altering the conformation of the active site
in such a way that it is more or less conducive to
carboxylation/oxygenation.
Similarly, the mutation RbcL-R217S prevents as-
sembly and accumulation of Rubisco [439]. This is
not surprising, considering that Arg217 is part of an
internal salt bridge to Asp202, a residue strategically
situated between K201-carbamyl and Asp203/Glu204,
all three of which are ligands to the active site Mg2
[424]. What is surprising is that Thow et al. were able
to isolate an intragenic suppressor, RbcL-A242V,
that does not obviously restore the salt bridge
[439]. It might, however, be able to ¢ll some of the
volume caused by the RbcL-R217S substitution, as
these side chains are close together in space [424].
Although the double mutant enzyme has a two-fold
lower speci¢city (6= 33) and 10-fold lower maximal
carboxylation rate, it does allow photosynthetic
growth and demonstrates that the Asp202-Arg217
salt bridge is not an absolute requirement of Rubisco
architecture [439]. This might have been expected,
considering that these two residues are Asn and
Thr, respectively, in form I Rubisco from Rhodospir-
illum rubrum [424].
Not all Rubisco mutations can be suppressed in-
tragenically. For example, a mutation in the N-ter-
minal domain of LS, RbcL-G54D, thwarts accumu-
lation of Rubisco holoenzyme and photosynthetic
growth [440]. Out of 18 revertants, all were found
to have changed codon 54. In most cases (11/18),
the change was a true reversion back to a Gly codon,
but two pseudorevertants were also isolated: RbcL-
G54A and RbcL-G54V. This result is rationalized by
examination of the structure: it would be extremely
di⁄cult to compensate the introduction of a large,
charged residue in the place of Gly by a second-site
substitution. As one might expect, the RbcL-G45V
enzyme performs signi¢cantly worse than RbcL-
G54A, which is almost indistinguishable from wild-
type. Interestingly, the G54V enzyme binds RuBP
slightly better, CO2 the same, and O2 less well than
wild-type, but these improvements were more than
o¡set by a signi¢cant decrease in the carboxylation
rate. An intriguing example of non-intragenic sup-
pression is the case of a nonsense mutant (RbcL-
Trp66Amber [422]). A photosynthetic pseudorever-
tant isolated from this mutant does not change co-
don 66 but instead has a mutation in the anticodon
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of the chloroplast Trp tRNA that would allow it to
suppress amber mutations [441]. Since there is only
one chloroplast Trp tRNA encoded by chloroplast
genome, both the wild-type and amber suppressor
alleles must be maintained on the multiple copies
of the chloroplast genome (i.e. a ‘heteroplasmic’
state) during photosynthetic growth, but non-photo-
synthetic clones can arise during non-selective
growth due to loss of the amber suppressor. This
sort of instability has been observed in two suppres-
sors of the R217S mutation ([439]; see above), indi-
cating that missense suppression is also possible in
the chloroplast. These ¢rst examples of information
suppression in the chloroplast genome open the door
for a new type of genetic analysis in the C. reinhardtii
chloroplast.
The advent of chloroplast biolistic transformation
has allowed the creation of site-directed mutations in
the rbcL gene. Using the crystal structure [424,425]
as a guide, Zhu and Spreitzer [442] made two di¡er-
ent mutations of residues in the active site of Rubis-
co: RbcL-N123G and RbcL-S379A. Although both
mutations allow normal accumulation of enzyme,
they lower 6 to the lowest values yet seen for C.
reinhardtii Rubisco (12 and 18, respectively). Their
low activities (only 2^4% of wild-type), which pre-
clude photosynthetic growth, are due mainly to a
20^40-fold decrease in VC and to a modest increase
in KC. As both mutant enzymes exhibit no signi¢cant
change in RuBP binding (Km = 10 WM in mutants as
well as wild-type), yet they bound the transition-state
analog CABP less tightly, their defect would appear
to be in stabilization of the carboxylation transition
state.
In order to make C. reinhardtii Rubisco more like
land plant Rubiscos, which have higher catalytic spe-
ci¢cities, three di¡erent substitutions were made in
the loop between L-strands 6 and 7 [443]. This region
is highly conserved, with the targeted residues being
the only di¡erences between the C. reinhardtii and
land plant enzymes, except for a Glu/Asp polymor-
phism at position 340. Position 341 is quite divergent
among various plants, so it is not surprising that the
RbcL-V341I mutation has no discernible e¡ect upon
catalytic e⁄ciency or speci¢city. However, the RbcL-
L326I mutation destabilizes Rubisco. In the crystal
structure of the spinach enzyme, Ile326 is in van der
Waals contact with Leu349. The substitution of the
methionine at position 349 in C. reinhardtii Rubisco
with leucine has no e¡ect by itself on catalytic e⁄-
ciency, and only a slight one upon accumulation.
However, the double mutant RbcL-L326I/M349L is
signi¢cantly more stable than the RbcL-L326I mu-
tant protein; it is expressed at a higher level (50 vs.
15%) and is more thermostable. This stabilization of
the protein has an unfortunate impact upon cataly-
sis : the speci¢city of the double mutant enzyme is
lower (6= 52) than either single mutant, which are
close to wild-type. Thus, even though these substitu-
tions bring the C. reinhardtii Rubisco closer in se-
quence similarity to an enzyme with higher speci¢city
(6= 80), they have the e¡ect of lowering catalytic
speci¢city.
As mentioned above, formation of a Mg2-stabi-
lized carbamate on Lys201 is essential for Rubisco
activity. Although carbamylation is spontaneous, it
cannot occur if the active site is occupied by a sugar
phosphate [444]. This di⁄culty is overcome by an-
other stromal enzyme, Rubisco activase [445]. Rubis-
co from Solanaceae plants (such as tobacco) cannot
be activated by activase from non-Solanaceae plants
(such as spinach and Chlamydomonas), and vice ver-
sa. In order to identify potential activase contact
sites, an examination was made of surface residues
that systematically di¡er between Solanaceae and
non-Solanaceae Rubiscos [446]. Attention was fo-
cussed on residues 89 and 356, and mutations were
made at these sites in C. reinhardtii rbcL to convert
them to the residues found in tobacco Rubisco. The
RbcL-K356Q mutant is indistinguishable from wild-
type and it is activated by spinach but not tobacco
activase. However, the RbcL-P89R mutant had
switched speci¢city: it was activated by tobacco,
but not spinach, activase [446]. Thus, this use of
Chlamydomonas genetics not only provides good evi-
dence that there is a physical interaction between
Rubisco and activase, but identi¢es where this inter-
action takes place.
Until recently, there has been little work done on
the Rubisco SS in C. reinhardtii. Compared to the
LS, it has been more di⁄cult to work with, since
there are two genes encoding SS and both are in
the nucleus [431]. However, as the two rbcS genes
are located close to each other, it was possible to
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isolate an insertion mutant that lacked both [447].
This mutant is non-photosynthetic, but photoauto-
trophy can be restored by introduction of either
rbcS gene [447]. This should be expected, as there
are only four amino acid residue di¡erences between
them [431]. So, it is now ¢nally possible to perform
site-directed mutagenesis with a eukaryotic Rubisco
SS and express it in a genetic background that lacks
any other members of this family, a task that would
be impossible in land plants harboring many more
rbcS family members.
In conclusion, none of the mutants isolated so far
in C. reinhardtii Rubisco cause an increase in 6.
However, it is not to be expected that simple substi-
tutions would cause such an increase, or they would
have already arisen due to the action of natural
selection. However, the fact that stability, catalytic
rate, and speci¢city can be increased relative to single
substitutions by the introduction of second-site
mutations gives reason to hope that this goal is not
unattainable. In fact, the experience to date
would show that very subtle changes in the con-
formation of the active site of Rubisco can cause
substantial changes in its catalytic parameters. It
is to be expected that most mutations will result
in a decrease in overall e⁄ciency. Finding those
that increase e⁄ciency, if they exist, will take lon-
ger.
An interesting question now being addressed in
plant physiology is where the ¢xation of CO2 is oc-
curring. In electron micrographs of Chlamydomonas
cells, a very prominent electron-dense region in the
stroma is visible. This structure, called the pyrenoid,
is, in fact, one of the de¢ning characteristics of the
Chlamydomonas genus [16]. Mutants that lack Rubis-
co do not have pyrenoids [448]. Moreover, Rubisco
is found localized to the pyrenoid [449,450]. An anal-
ysis by Borkhsenious et al. [450] using cells grown in
high or low CO2 demonstrated that the amount of
Rubisco localized to the pyrenoid could vary from
40% (5% CO2) to 90% (air). Thus, the majority of
Rubisco is normally localized to the pyrenoid, and it
must be utilized by the cell, as the in vivo CO2 ¢x-
ation rate corresponds closely to the in vitro carbox-
ylation rate [450]. How this structure contributes to
CO2 ¢xation and how substrates and products are
transported into and out of it will be an interesting
topic for future work.
13. Mitochondrial functions
The mitochondria and chloroplast of C. reinhardtii
occupy 2^4 and 40% of the cell volume, respectively.
It has not yet been possible to isolate large amounts
of mitochondria from this alga. Isolated mitochon-
dria are usually heavily contaminated with thylakoid
membrane fragments. However, it was recently re-
ported that mutants of C. reinhardtii, unable to syn-
thesize chlorophyll in the dark, provide a convenient
source of mitochondrial membranes suitable for
spectroscopic and biochemical characterization
[451]. In these yellow mutants grown in the dark,
the core polypeptides of the PSII and PSI complexes,
as well as the antenna system, do not accumulate
appreciably and the thylakoid membranes are con-
siderably reduced. The membrane fractions derived
from these etiolated cells contain a mixture of mito-
chondrial and etioplast membranes which can be fur-
ther depleted of the cytochrome b6f complex by
crossing in mutations leading to the loss of this com-
plex. Using this system it has been possible to meas-
ure the reduced minus oxidized redox di¡erence spec-
tra of several mitochondrial cytochromes such as
a+a3 from cytochrome oxidase, cytochrome b and
cytochrome c1+c2 (redox di¡erence peak at 609,
563 and 551 mn, respectively, [451]). This system
opens the possibility to characterize mutants with
impaired mitorespiration in C. reinhardtii.
The linear 15.8 kbp mitochondrial genome of C.
reinhardtii contains eight protein genes encoding cy-
tochrome b, subunit 1 of cytochrome oxidase, ¢ve
subunits of NADH dehydrogenase, and a reverse
transcriptase-like protein of unknown function
[452,453]. It is surprising that subunits II and III of
cytochrome oxidase and all of the subunits of the
ATP synthase are encoded by the nuclear genome
in this alga.
As in many land plants, there are two mitochon-
drial respiratory chains in C. reinhardtii. Besides the
usual cytochrome cyanide-sensitive pathway, there is
the alternative pathway that branches from the main
chain at the level of ubiquinone, and that is insensi-
tive to KCN, but sensitive to SHAM [454]. The iso-
lation of mutants of C. reinhardtii impaired in mito-
chondrial function is possible because respiratory
function is dispensable in this alga, provided photo-
synthetic function is intact. In this way several nu-
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clear mutants unable to grow heterotrophically and
which survive only under phototrophic conditions
were isolated [454]. These obligate photoautotrophic
mutants, called dk mutants (dark diers) are de¢cient
in key mitochondrial functions. C. reinhardtii is thus
the only organism in which mutations a¡ecting pho-
tosynthesis and respiration have been isolated. It has
also been possible to isolate mutants a¡ected at the
level of mitochondrial DNA. The ¢rst mutants of
this type lacked all of the mitochondrial DNA and
gave rise to ‘minute’ colonies in which the cells died
after eight to nine divisions even when grown with
light [455,456]. It will be of considerable interest to
¢nd out which of the mitochondrial DNA-encoded
functions are essential for cell survival. More re-
cently, several respiratory-de¢cient mutants of C.
reinhardtii have been isolated after mutagenic treat-
ment with acri£avine or ethidium bromide [457]. Bio-
chemical analysis revealed that these mutants are
de¢cient in the cyanide-sensitive cytochrome path-
way of respiration. Several of the mutants had dele-
tions in the terminal end of the mitochondrial ge-
nome containing the apocytochrome b gene.
Another mutation was localized in the gene of sub-
unit I of cytochrome oxidase [458]. Manganese ions
which induce mitochondrial mutations in yeast ap-
pear to do the same in C. reinhardtii and have been
used to produce several mitochondrial mutations,
conferring resistance to myxothiazol and mucidin
[459,460]. These inhibitors speci¢cally block the mi-
tochondrial cytochrome bc2 complex at the ubiqui-
none redox site Qo. Analysis of the mitochondrial
drug-resistant mutants revealed point mutations in
a highly conserved region of the cytochrome b gene
which speci¢es part of the myxothiazol binding niche
[459]. It is possible to transfer these mitochondrial
mutations through cytoduction to recipient strains
with desired nuclear and chloroplast mutations [459].
Together with mutants impaired in photosynthetic
function, these mutants constitute important tools
for studying the functional interactions between mi-
tochondria and chloroplasts. A nuclear mutant,
dk97, de¢cient in cytochrome oxidase activity, was
used to show that glycolate produced during photo-
synthesis accumulates and is excreted in the presence
of SHAM, indicating that oxidation of glycolate is
linked to the SHAM-sensitive electron transport
rather than to peroxisomal metabolism as in land
plants [461]. Studies on the e¡ect of SHAM on res-
piration revealed that, under photoautotrophic
growth conditions, mutants de¢cient in cyanide-sen-
sitive electron transport and wild-type have the same
respiratory rate. Under mixotrophic growth, the res-
piration rate increased in wild-type, but not in mu-
tant, cells. This indicates that the alternative pathway
is su⁄cient to transfer all the electrons to oxygen in
the absence of exogenous carbon source, but not in
the presence of acetate [458,461].
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